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Sum m ary
The kinetics of complexation of labile transition metal ions with three classes of 
macrocyclic N-donor ligands have been studied in dmso solution using pseudo-first- 
order conditions and employing the stopped-flow technique, with observation of U. V. 
/ visible absorbance changes on reaction. All reactions studied displayed biphasic, 
consecutive first-order kinetics with an initial, rapid step which was first-order in both 
metal and ligand, followed by a second, slower step which was independent of the 
metal concentration.
The unsubstituted macrocycles cyclam and [9]aneNj reacted via a dissociative inter­
change mechanism with the formation of an unstable intermediate which isomerises 
to the stable product. This intermediate is proposed to involve full co-ordination of 
the macrocycles to the metal ions with one or more N atoms co-ordinated in an unst­
able configuration.
For the same macrocycles, each containing a single, pendent co-ordinating 
2,2’-bipyri-dyl-6-yl-methyl arm, the complexation reactions occurred via an intermedi­
ate which involved co-ordination of the metal ions to the bipyridyl moiety, the ensuing 
slower reaction involving co-ordination of the macrocyclic moiety. This presents the 
most clear-cut evidence so far that pendent arm macrocycles react initially by co­
ordination to the pendent arm.
For N4 macrocycles, with a pyridine group substituted for a secondary amine, the 
reactions occur by initial attack at the secondary amines adjacent to the pyridine 
moiety. With the tri-methylated form of the macrocycle Ni2+ ions react more rapidly 
than do Co2 + ions, which is very unusual. This behaviour is explained by proposing a 
different reaction mechanism for each ion with Mej-PyNj as the final products are of 
different geometries. With Cu2+ an unstable intermediate is formed involving forma­
tion of only one Cu-N bond.
The properties of silica gels modified with open-chain and macrocyclic polyamines 
were also studied. The less bulky and least sterically hindered polyamines were 
bound to the surfaces in greater quantities, although pretreatment involving heating at 
high temperatures significantly improved the binding of cyclam to the surfaces. An 
investigation of the uptake of transition metal ions from aqueous solutions illustrated 
the important role that the surface structure has to play on the activity of the binding 
sites. A gel modified with cyclam displayed a high aegree of selectivity for Cu2+ over 
Co2+ and Ni2+ illustrating the potentially important application of such systems in 
ion selective waste water treatments.
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Chapter 1
1.1 Introduction
The structure and chemistry of amine ligands is very varied and thus provides a 
useful means of subjectively studying the kinetics and thermodynamics of their reac­
tions with transition metals. The effects of only slight changes in the ligand struc­
ture such as adding an extra carbon into the ligand backbone or using bulky groups 
on donor atoms can be investigated. Thus, the synthesis of the particular amine 
required is of great importance. Many such syntheses can be carried out quite sim­
ply, but as the ligands get more and more complicated the synthetic procedures 
required to make these compounds become more demanding. Some of the most 
complicated of these ligands are the macrocyclic amines which are useful, interesting 
and unique species for probing reaction kinetics and thermodynamics.
There now exists a whole variety of compounds which are classed as macro­
cycles, and there are many good books and reviews covering their discovery, synthe­
sis and metal complexes.1-41
The work in the first part of this thesis describes a study of the kinetics of com- 
plexation of various macrocyclic ligands and shows how the structure of firstly 
unsubstituted macrocycles, then pendent arm macrocycles, and finally macrocycles 
containing a pyridine ring affects the reaction kinetics with various divalent first row 
transition metal ions. The remainder of Chapter 1 is an introduction to these 
studies, looking at the mechanisms of substitution reactions of amines, and highlight­
ing the significant role synthetic macrocycles have played in this field over the last 20 
years.
1.2 Substitution Reactions of Labile Metal Ions 
Monodentate Ligands
Labile octahedral metal ions react with monodentate ligands according to the 
Eigen-Wilkins or interchange mechanism.42'46
K™ k „
M S /*  + LI M SrllM Ji—>  + S (1)
M = metal ion (charge p)
S = solvent
L = monodentate ligand (charge q)
This two step mechanism involves the initial formation of an outer-sphere 
complex, the rate of which is diffusion controlled and whose equilibrium constant 
(Kog) can thus be calculated using the Fuoss equation;47
K« = (4/3 (XX))na3NAcb (2)
where b = Z ,Zbe02/aEkT (3)
and a = centre to centre distance between the two reaction partners 
at the point of closest approach
Na = Avogadro’s Number
Z.&Z», =  charges on reacting species
Ko. = outer-sphere association constant
eo = electronic charge
E = dielectric constant of medium
k = Boltzmann’s Constant
T = absolute temperature
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The second step is the rate determining substitution of the ligand into the co­
ordination sphere of the metal. This step has been found to be dissociative in char­
acter for many metals (aV# is positive) and to be independent of the nature of the 
ligand, and is roughly equal to the rate of exchange of the solvent molecules on the 
metal ion (kex). All the theory was originally worked out using data from aqueous 
media, but it has since been found to hold for labile octahedral ions in non-aqueous 
solvents.48
The general rate law for the reaction is:
+ d[ML<J«J>-*-]/dt -  K ^ M P + H L I-J / i l  + KoJLq-]) (4)
but under usual experimental conditions, where [MP+] >  >  [L^*]:
+ d[ML(P-q) + ]/dt -  KogkeJM P+ ][L.q *] (5)
Thus, the rate constant for any reaction of a monodentate ligand with an octa­
hedral metal ion can be calculated using the expression;
kf -  Ko.kex (6)
The value of k ^  will depend on the nature of the metal ion and the solvent, 
whereas will depend on the charge on the ligand, the reaction medium and most 
importantly, the distance of closest approach between the centre of the nearest 
donor atom on the ligand ( for multidentate ligands) and the centre of the metal ion. 
This parameter is the most difficult to estimate for the calculation of K ^, as it 
depends on the subtle combination of many steric and electronic factors involved in 
the interaction of the bound solvent molecules with the metal and the ligand.
With unprotonated amines the ligands are uncharged and according to the 
Fuoss equation as the charge of one of the species approaches zero, then the expo­
nential term approaches unity, and the equation reduces to equation (2);
Ko, -  a3 x 2J2  x 1021 (a in cm) (7)
For dipolar ligands, with no formal charge, attempts have been made to apply 
the Fuoss association theory49 to take into account the expected association between 
a cation and a dipolar molecule.
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= (4/3 000)*a3NAeu  (8)
where U = e/i/E(a2 - d2) ref. 50 (9)
and u = dipole moment of ligand
a = distance between centre of cation and centre of dipole 
d = dipole radius
However, in aqueous solution the value of eu  makes a negligible difference to 
the expression. Substituting common values of n , a and d into the equation ( e.g. v 
=  4, a = 7 x 10~8 cm, d = 6 x lO-8 cm ) gives eu  = 1.0000106, which is clearly so 
close to unity that it may be neglected. This is not the case with charged ligands, 
where such factors play an important role.
The value of K<,s is largely solvent dependent and a list of various values calcu­
lated for different solvents is given in Table 1.1.
Table 1.1
Values of calculated for various solvents.
Solvent a/ k K^/dm3 mol'1 ref.
water 4.0 0.16 51
water 4.9 03 52
water 3.4 0.1 53
methanol 5.0 032 54
dmso 3.4-5.8 0.1-03 55
dmf 3.4-5.8 0.1-0.5 55
dmso 6.0 034 56
dmso 7.0 0.86 57
dmso 6.1 037 58
Clearly, the bulkiness of the solvent molecules is an important factor in estab­
lishing the value of the association constant. The bulkier dmso molecules have a 
larger value than when the smaller water molecules are used as solvent.
As the ligands become more complicated in structure another factor has to be
taken into account. This is because Kos does not include the fact that the ligand 
molecule must be properly oriented in the outer-sphere complex for bonding to 
occur at the time that the metal-solvent bond breaks. If it is not in the correct posi­
tion then solvent exchange will take place with no substitution of the solvent mole­
cule by the ligand. This competition between solvent and ligand is displayed in the 
increasing alkylation of ammonia causing a decrease in the rate constants for reac­
tion with Ni2+ in aqueous solution (see Table 12), and also manifesting itself in a 
destabilisation of the 1:1 complexes.
Table 12
Resolved rate constants for the Ni(II)/alkylamine reaction systems;59
25 °C, n ■ 1.0 mol dm 3 (HC104).
Ligand kf x 10-3 kd log Kj
(dm3 mol'1 s*1) ( s 1)
n h 3 4.48 7.1 2.80
MeNH2 131 7.7 2.23
EtNH2 0.865 133 1.81
i-PrNH2 0.605 16.8 136
Me2NH 0.332 113 1.47
One attempt to overcome this problem is by the introduction of a "statistical 
factor" into the Eigen-Wilkins equation;
kf -  nK ^k« (10)
The value of "n" depends therefore on the nature of the solvent, for many sys­
tems n can be taken as unity, but there are also many situations where it is not, and it 
thus becomes an important variable. For instance, Langford suggested that n would 
represent the probability that a ligand molecule in the second co-ordination sphere, 
rather than a solvent molecule, occupies the co-ordination site vacated by the disso­
ciating solvent molecule, this means that n would be determined by the number of
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sites in the second co-ordination sphere, and values of 0.1 to 0.2 were suggested.60 
Connick proposed a value of 3/4 for n on the basis of steric arguments for octahe- 
drally solvated metal ions in water.61
A number of studies have been carried out to determine the values of n in vari­
ous solvents.54*62-65
The Eigen-Wilkins equation was originally found to hold by equating values of 
kj/Koj with the solvent exchange rates. This was because kf could easily be meas­
ured, usually using flow or perturbation techniques for labile ions, Kq,  could be cal­
lable 13
Rate constants and for the formation of Ni2+ complexes:66
in aqueous solution at 298.2 K.
Ligand kex
10-3(dm3 mol-1 s-1) (molar scale) 10"3(s-1)
(measured) (calculated) (derived)
N-methylimidazole + 0.23 0.02 12
ammonia 5 0.15 33
hydrogen fluoride 3 0.15 20
imidazole 2.8-6.4 0.15 19-43
1,10-phenanthroli ne 4.1 0.15 26
fluoride- 8 1 8
acetate- 100 3 30
oxalateH- 5 2 3
oxalate2- 75 13 6
methylphosphate2- 290 40 7
pyrophosphate3- 2100 88 24
tripolyphosphate4- 6800 570 12
cf. water exchange 30
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culated from the Fuoss equation , and kex was measurable independently usually by 
nmr techniques. Comparing data for kj/K^ with kcx gave values which were roughly 
the same, any anomalies require the introduction of the statistical factor. Table 1.3 
shows the data for a range of ligands reacting with Ni2+ in aqueous solution.
Once the relationship was established it was then possible to use the equation 
to determine values of either kf, n, or kcx using any three of the variables which 
is of great use in cases where one of the values is not obtainable in other ways or 
where k ^  for a particular metal has not already been determined in a particular sol­
vent. Thus, the expression can be used to predict solvent exchange rates before they 
have been measured independently.
13 Substitution Reactions of Labile Metal Ions
Bidentate Ligands
When ligands with two donor atoms react with octahedrally solvated metal ions 
in solution, the reaction will occur in a similar way to monodentate ligand complexa- 
tion except that now an extra step is required to close the chelate ring. The mecha­
nism becomes:
M S r P +  +  ( L - L I ^ ^ S  M S ^ L - L J M (1 1 )
M S r f L - U P - I ^ S l M S j ^ - L ^ L l I ” !  +  S
k 32
(1 2 )
k43 L
(1 3 )
Again the first step is diffusion-controlled association of the two reactants. 
Step 2 is the substitution of one donor atom into the inner co-ordination sphere of 
the metal ion, and step 3 is the substitution of the second donor atom, closing the 
chelate ring.
Assuming steady state conditions for the intermediates the rate expression now
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becomes:
d[XJ/dt = Kosk23k34[MSxP+JKL-L)^ -]/(k32 + k*) (14)
where k23 is equivalent to the solvent exchange rate.
If the rate of chelate ring closure is much faster than the solvent exchange rate 
of the metal then k ^  > > k32 and the expression becomes:
d[XJ/dt = K06k23[MSxP+][(L-L)4 ) (15)
and since k^j -  kex
kf =  Kosk^ ( 16)
This is the same expression as that for monodentate ligands and so many 
bidentate ligands react at rates comparable to monodentate ligands.
Even for cases where kw «■ k32 the expression will still be;
kf =  osk23 (17)
and will still approximate to Eigen-Wilkins kinetics.
However if the rate of chelate ring closure becomes much slower than the rate 
of substitution of the first donor atom, then kw < < k ^  and the expression 
becomes:
kf = K0sk23k34/k32 (18)
and so the ratio k34/k32 causes the rate constant to be lower than expected by 
the Eigen-Wilkins mechanism. This mechanism, in which chelate ring closure 
becomes the rate determining step is generally called the "sterically controlled sub­
stitution" or SCS mechanism,67 though Margerum et al68 prefer the term "chelation 
controlled substitution." Thus, it is this ratio of kw to k32 which controls the kinetics 
of substitution of bidentate ligands with octahedrally solvated metal ions. In other 
words, the kinetics are determined by the competition between ring closure and 
return of a solvent molecule at the point in the mechanism where only one donor 
atom is bound to the metal ion. This behaviour will be very dependent upon the
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geometry and structure of the ligand.
There are some substitution reactions involving bidentate ligands which occur 
at rates much greater than the Eigen-Wilkins mechanism predicts. This was first 
seen in the reactions of ethylenediamine and its substituents with Ni2 + in aqueous 
solution.69 Table 1.4 shows a comparison of rate constants of complexation of N-al- 
kyl-substituted diamines with Ni2+ (compare with Table 1.2 for the alkylamines).
Table 1^
Resolved rate constants for the reactions of Ni2+ with N-alkyl- 
substituted diamines;70 25.0 °C, n = 0.1 mol dm*3
Ligand M U M H L +)
dm3 mol*1 s*1 dm3 mol’1 s’:
en s4x  105 ca. 200
N,N-diEten 3.4 x 105 123
N,N’-diEten 9.7 xlO3 8.0
TriEten <10 -
TeEten ca. 0 ca. 0
TeMeen 3.6 xlO2 0.2
The rate of ammonia reacting with Ni2+ is as would be predicted by the disso­
ciative interchange mechanism for a monodentate ligand, i.e. kf *  = 0.15 x 3
x 104 = 4.5 x 103 mol’1 dm3 s’1 (see 1.2). The effect of increasing alkylation can also 
be seen, in the decreasing values of kf(see Table 1.2). However, for the bidentate 
ligand en the rate constant is now about 90 times faster than a simple monodentate 
ligand. Again, with increasing alkylation the rate constants decrease until with 
tetraethyl-en the complex is thermodynamically unfavourable and does not form. 
Rorabacher51 suggested that the anomalously high rate for en was due to an 
increased outer-sphere interaction of the ligand with the hydrated metal ion caused 
by hydrogen bonding between the basic nitrogen donors and the bound water mole­
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cules, thus increasing the value of KM. This is known as the "internal conjugate base 
(ICB) mechanism" after the conjugate base mechanism (termed SN1 CB) developed 
by Basolo and Pearson71-72 in the 1950’s to explain the rapid rate of base induced 
hydrolysis of halopentamine cobalt(3) complexes in water.
The ICB mechanism is illustrated in Figure 1.1 for the reaction of hexaaquo- 
nickel(2) ion with en. The proposed mechanism consists of five steps; firstly the out­
er-sphere complex is formed as normal, but then a hydrogen bond is formed 
between a co-ordinated water molecule and a basic donor atom of the ligand. The 
metal species thus now has a bound molecule of hydroxyl character and this causes a 
labilisation of a water molecule in a cu-position, promoting rapid substitution of the 
second donor atom from the same bidentate ligand. Once the first metal-donor 
bond is established the hydrogen-bond then ruptures, followed by further bonding of 
the ligand in the normal fashion to close the chelate ring. Thus, the mechanism 
relies on the basicity and availability of protons on the donor atoms and Turan73 has 
observed a linear relationship between the pKa of the basic nitrogen atom and the 
degree of ICB enhancement. This is one reason why in Table 1.4 increasing alkyla­
tion causes decreasing rate constants. When there are no protons available for 
hydrogen bonding, as in the case of tetramethyl- and tetraethyl- en the rates are thus 
decreased significantly. Steric effects also come into play with these ligands.
It must be stated that this mechanism has been questioned quite convincingly 
by Jordan74 who claims that the increased reactivity of the polyamines can be 
accounted for by normal kinetic effects, and that upholders of the ICB mechanism 
have neglected important reactions of monoprotonated diamines in the analysis of 
their results. He suggests that further experiments must be carried out over a wider 
range of pH than was employed in Rorabacher’s studies75 in order to demonstrate 
the ICB effect unequivocally and to eliminate possible interferences from a more 
reactive (H20 ) 5Ni0H + ion.
Using negative or positively charged ligands will cause an increase and a 
decrease in rate respectively due to electrostatic attraction/repulsion when reacted
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Fig. 1.1 The I. C. B. mechanism for Ni2* and ethylenediamine.'
with a metal cation. This however, will be taken into account by the outer-sphere 
association constant term (K^) in the Eigen-Wilkins equation, and will not produce 
anomalous results by themselves.
The main factor which causes a decrease in the expected rate constants for 
bidentate ligand substitution reactions is steric hindrance. Sterically hindered 
ligands will destabilise the singly bound species relative to unhindered ligands and 
will increase the value of k32 in the mechanism. Increasing the ring size also has the 
same effect, but this time it is due to a reduction in the value of k^ . This is because 
as the ligand backbone gets longer the likelihood that the free end of the ligand in 
the singly-bonded intermediate will be in exactly the right position to take advantage 
of the vacant site on the metal ion during the very short time before an adjacent 
solvent molecule fills the space will be reduced. Examples of the effect of increasing 
steric hindrance and ring size are shown in Table 1.5 for various amino acids react­
ing with divalent transition metal cations.
It has been established that in these amino acids the carboxylate end bonds to 
the metal first68»79 where ring closure is the rate determining step due to:
(a) electrostatic attraction between the COO' group and the positively charged 
metal ion, and
(b) the ICB effect causing outer-sphere association between a co-ordinated 
water molecule and the amino group, speeding up the binding of the carboxylate 
group.
This causes the k34/^ 32 ratio to be less than unity, and so the ring closure rates 
become rate determining. This argument is in contrast to the suggestion of Wil­
kins80 who expects the amino group to bond first.
Thus, it has been established that even with relatively simple bidentate ligands 
the kinetics can be very complicated, and the question always arises, is the rate 
determining step loss of the first solvent molecule or closing of the chelate ring?
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Table 1.5 Rate constants relating to the SCS mechanism for formation of chelate 
complexes?*
M-1 s~ \  at 298.2 K in aqueous solution
Cobalt(II)
water exchange: 
complex formation with
2x 106
monodentate ligands: uncharged ~  1 to 3 x 103 
charge 1 -  ~  1 to 3 x 106
5-membered
rings: glycinate" a-alaninate ~ a-aminobutyrate “ iminodiacetate2-
. 0  H3C o
r~K M
h 3c c h 2
H ° HN,o2I*0z1 H2N 0" cr_
2 x 106 2 x 106 2.5 x 10s 1 x  10’
6-membered
rings: 3-alaninate" 3-aminobutyrate” iminodipropionate2
r r °
HjC n
Y Y 1Ÿ Y °
H jN  0 ~ h2n o Hfi 0"_ 2
1 x 10s 2 x  104 3 x  10*
Copper(II)
water exchange: 4 x 109
reaction with: ammonia \ 2 to 20 x 10"
pyridine
imidazole ]
5-membered-ring: a-alaninate 10 x 10"
6-membered-ring: P-alaninate 2x  10"
7-membercd-ring: L-carnosine- 5x  104
'L -ca rno s ine  = HN N
This simple question is sometimes difficult to answer from experimental data, and it 
is often the case that a smaller kf value for comparable reactions is the only evidence 
for a shift in the rate determining step to chelate ring closure. However, steric 
effects must always be considered in first bond formation, though other factors such 
as the ICB effect can offset this.
For the rate determining step to be first bond formation a bidentate ligand 
must have two strong donors, no steric hindrance, be relatively flexible and have the 
donor groups in good proximity. This ideal is matched by very few ligands, and so 
deviations will arise in many cases.
1.4 Substitution Reactions of Labile Metal Ions
Multidentate Ligands
Ligands with more than two donor atoms do not react in any way fundamen­
tally different to bidentate ligands, except in the fact that an increased number of 
steps will be required to fully bond the ligand. Indeed, the mechanism given for the 
substitution reactions of bidentate ligands is still valid for the same reactions with 
multidentate ligands. The establishment of the first bond, or the first chelate ring 
for the SCS mechanism, appears to signal rapid successive ring closures with most 
multidentate ligands, presumably due to labilisation of solvents adjacent to bound 
donor atoms and the close proximity of the remaining donors (this effect can be seen 
in Table 1.6 which illustrates the increase in water exchange rate with increasing 
ammonia co-ordination, and increasing chelation for Ni(amine)2+ species) and to 
the extra stability gained from forming the remaining chelate rings (see 1.5).
Such rapid ring closure for the later stages of such a reaction has been shown 
in a study of the ligand trien bound to Cr3+ (aq) as a bidentate ligand, which con­
verts to a terdentate ligand simply by leaving at pH 7-8 for less than 5 minutes at 0 
°C. Subsequent proton uptake then stabilises the "partially unwrapped" ligand.85
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Table 1.6
Rates of water exchange for various Ni(amine)2 + complexes; 
aqueous solution at 25.0 °C.
Species ref.
Ni(H20 )62 + 3x 10* 81
Ni(H20 )s(NH3)2+ 23 x 105 82
Ni(H20 )4(NH3)22+ 6.1 x 105 82
« ¡ ( H p ^ N H ,) ,2* 23x106 82
Ni(H20)(N H 3)52+ 43 x 106 81
N K H p ^ e n )2* 4.4 x 105 83
Ni(H20 ) 3(dicn)2+ 1.2 x 106 84
N¡(H20 ) 2(trien)2* 2.9 x 106 84
Thus pyridine, bipyridine and terpyridine react at comparable rates in aqueous
solution (Table 1.7).
Table 1.7
Rate constants for the reaction of Ni2+ with various ligands;
aqueous solution, 25.0 °C.
Ligand 10*3kf ref.
(dm3 mol' 1 s 1)
n h 3 5.0 51
pyridine ca.4.0 86
2,2’-bipyridine 1J 86
2,2\ 2”-terpyridine 1.4 87
Therefore, even multidentate ligands can react via the Eigen-Wilkins mecha­
nism, at rates comparable to monodentate ligands. However, as with bidentate 
ligands, steric hindrance may slow down a reaction from first bond formation to clos-
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ing of the first chelate ring. Such steric hindrance becomes increasingly important in 
multidentate ligands which are closed into one or more rings as opposed to the 
open-chain congeners (e.g. azamacrocycles compared with the linear polyamines 
such as en, dien, trien, tetren etc.). These cyclic ligands are the so called "macrocy- 
clic ligands" and they are a useful probe of steric effects in reactions. They show 
many interesting and useful kinetic and thermodynamic effects which have been put 
to good use in a wide range of applications.88*89
With all multidentate ligands complete complexation with a metal ion is 
accompanied by extensive desolvation. The energy requirements of this process are 
such that the reaction must take place in a stepwise manner.69*90»91 However, with 
cyclic ligands, such as the macrocycles, having no free end means that the twisting 
and folding process that a ligand has to undergo to complete complexation may 
become difficult or impossible to achieve in the fashion of linear multidentate 
ligands. Thus macrocyclic ligands may require some degree of multiple desolvation 
during complexation. The extra energy required to overcome this step may manifest 
itself in a slowing down of the reaction, when compared to linear analogues. This 
rate decrease may be studied in macrocycles by successively increasing ring size, 
alkylation at donor atoms and on the carbon framework, incorporating more rigid 
groups into the framework (such as multiple bonds and aromatic groups), protona­
tion and by changing the number or types of donor atoms. All these will be dis­
cussed in the next section, largely in relation to synthetic macrocycles containing 
nitrogen donors, as these are the topic of this thesis. From a biological viewpoint 
azamacrocycles are the most important of the synthetic macrocycles due to their use 
as "model systems" for biological systems.9.14.92
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Macrocydic Ligands
(a) Macrocycles reacting at rates comparable to open-chain ligands.
A number of studies have shown that macrocycles follow the normal complexa- 
tion behaviour explained in the previous sections. This is not possible by simply 
reacting a metal ion with an N-donor macrocycle in water since large protonation 
effects control the reaction in the pH range employed in most kinetic studies (see 
section (e)). In order to study the reactions of the unprotonated ligands other condi­
tions must be used.
Rorabacher et al93 used strongly basic aqueous media (0.1-2.0 mol dm '3 
NaOH) to ensure the absence of ligand protonation. At high pH the reacting metal 
ion is present as the hydroxylated species, in their case Cu(OH)3'  and Cu(OH)42', 
but as the ligands are neutral, it is assumed that the general effects observed would 
carry over to the behaviour of fully aquated metal ions. Comparing the kinetic 
behaviour of the most closely correlated open-chain and cyclic ligands (Et2-23,2-tet 
and cyclam) indicates that the macrocycles can react at rates comparable to open- 
chain ligands (Table 1.8). The effect of alkylation is also seen in this table (see sec­
tion (c)). The proposed mechanism of complexation is shown in figure 1.2 which 
illustrates the stepwise substitution of an N4-donor macrocycle. For the Cu(OH)3* 
species Jahn-Teller (tetragonal) inversion following the first bond formation is pro­
posed as the rate determining step. For Cu(OH)42*, second bond formation is sug­
gested as the rate determining step when reacting with macrocycles and the more 
sterically hindered open-chain ligands.
Another way in which the problem of ligand protonation has been overcome 
has been to study the complexation reactions in aprotic solvents, such as dmso55, 
dmf55’94, and CH3CN.95
In dmso the ra te  constan ts  fo r reac tion  of N i2 + with 
2,6,9,13-tetraazatetradecane and cyclam were found to be55 2.6 x 103 dm3 mol' 1 s'1
1.5 Substitution Reactions o f Labile M etal Ions
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Fig. 1.2 Stepwise substitution of an N4 macrocycle with Cu2 + P3
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Table 1.8
Resolved rate constants for the reaction of C u iO H ^II) species with unprotonated 
cyclic and open-chain polyamines;93 
25.0 °C, 0.1-2.0 mol dm 3 NaOH
Ligand k( (Cu(OH)3) k,(Cu(OH)4)
(dm3 mol’ 1 s’1) (dm3 mol’1 s’1)
23,2-tet (1.0* 0.7) x 107 (4.3* 0.2) x 10s
Etr 23,2-tet (3.0*03)* 106 (2.9*0.6)*  10s
Cyclam (2.7*04)* 106 (3.8*0.9) x 104
Me2cyclam 5.6 x10s 0.9x10*
tet-a ca. 10* ■CIO2
Et4dien 4.0 x10s < 10>
and 1.6 x 103 dm3 mol' 1 s' 1 respectively, at 25 °C. In dmf the same ligands reacted 
with rate constants of 3.2 x 103 dm3 mol' 1 s' 1 and 1.8 x 103 dm3 mol' 1 s'1 respec­
tively57 at 25 °C. In each solvent the rates were shown to be comparable to the sol­
vent exchange rates of Ni2+ in the particular solvent, as expected on the basis of the 
Eigen-Wiikins mechanism.
Studies in CH3CN95 established that the rates of incorporation of Ni2+ into 
both linear and macrocyclic tetra-amines are essentially identical within experimen­
tal error, with a rate constant ca. 900 dm3 mol' 1 s' 1 at 25 °C (see Table 1.9).
In all of these studies of complexations with macrocycles in non-aqueous sol­
vents more than one step is observed (usually two), the later step (or steps) being 
assigned to the isomerisation via N-inversion of a thermodynamically unstable 
intermediate species to a final, most stable product.
ki K*
M(SV»+ (ML)ialB+ — >  (ML)»+ (19)
k-l
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Table 1.9
Resolved rate constants for the reaction of Ni2+ with various ligands;95 
acetonitrile, 25 °C
Ligand 10*2kf (dm3 mol' 1 s '1)
cyclam 7.6
Me2cyclam 73
Me4cyclam 93
tet-a 92
tet-b 83
3,23-tet 10.0
2,3,2-tet 10.0
trien 10.0
(b) Effect of ring size.
The effect of changing the ring size of an N4 macrocyclic ligand was rigorously 
studied by Kaden et al96 by measuring the rates of complexation of Co2+, Ni2+, 
Cu2+ and Zn2+ with the ligands shown below in water at 25 °C over a range of pH.
1— 1 n r ^ i O----NH HN--- (-- NH HN---1 I-- NH HN--- 1 |—  NH HN--- |— NH HN---v
•---NH HN---1 '— NH HN---1 *---NH HN----' 1—  NH H i — / Lnh ^ _ '-- NH HN--- ''
:____ 1 i___ 1 i___ 1
[12]ane NA [13Jane N* [14)ane N* [K ]an e  N; [S ia n *  N,, [16 Jane
The rates of reaction follow the order Cu2+ > Zn2+ > Co2+ > Ni2+ which 
parallels the sequence of their water exchange rates.97 The kinetics are largely the 
reactions of the monoprotonated species. Kaden came to three conclusions from his 
studies:
(1) Rates of complexation of protonated species of the same charge are slower 
for cyclic ligands than for the corresponding open chain tetramines
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(2) For a given metal ion the complexation rate constants with LH + are all in 
one order of magnitude and do not vary in any regular way with ring size
(3) For k(LH2) with Cu2+ the values strongly depend on the macrocycle and 
generally increase with ring size.
In contrast Kodama and Kimura have carried out a series of polarographic 
studies to determine the effect of ring size on the kinetics of N4 donor macro­
cycles.98"102 They found that the rate constants for the reaction of the protonated 
macrocycles with Cu2+ in acetate buffer generally increased with increasing ring 
size from 12 to 15 members, with the 13 and 14 membered cyclic amines having 
almost identical rate constants (Table 1.10).
Table 1.10
Rate constants for the reaction of Cu2+ with macrocycles of varying ring size;
aqueous solution, acetate buffer (reactive species Cu(02CMe) + ), n = 0.2 mol dm"3
Ligand kLH
dm3 mol'1 s' 1
kL«2
dm3 mol"1 s"1
ref.
[12]aneN4 1.8 x 106 0.18 103
(13]aneN4 5.6 x 106 10.1 100
[14]aneN4 6.8 x Iff1 53  x 106 102
[15]aneN4 4.0 x 10s - 102
However, a similar study with Zn2+ showed no such trend.104
For N3 macrocyclic ligands the rate constants fo r reaction of 
1,4,7-triazacyclononane, 1,4,8-triazacydodecane and 1,5,9-triazacyclododecane with 
Cu2+ have been studied in water at 25 °C over a range of pH and have been shown 
to depend greatly on the size of the ring.105 In the acetate buffer used the reactions 
can be resolved into the reactions of Cu2+ and CuOAc+ with the monoprotonated 
ligands (see Table 1.11).
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Table 1.11
Rate constants for the reaction of Cu(II) species with various N3-macrocycles;105 
aqueous solution, acetate buffer, 25°C ,n  =0.5 mol dm '3 (KN03)
Ligands kf (Cu2+/LH + ) kf (CuOAc+/LH + )
(dm3 m o l1 s'1) (dm3 mol'1 s '1)
[9] aneN3 2.4 x 106 lx  107
[10] aneN3 7.4 x 104 8.6 x 105
[12]aneN3 23 2.8 xlO3
In contrast, with N5 macrocycles an increase in rate constant with ring size is 
observed under similar conditions to the N3 study106 (see Table 1.12). However, 
here, the kinetics are largely the reactions of the di- and tri- protonated species. 
This is because as the ring size becomes smaller the conformational flexibility 
becomes more pronounced, which lowers the rate of reaction. Also, adding more 
protons increases the electrostatic repulsion between the ligand and the metal 
cation, again lowering the rate (see section (e)).
Table 1.12
Rate constants for the reactions of Cu(II) species with various N5 macrocycles;110 
aqueous solution, acetate buffer, 25 °C, fi = 0.5 mol dm'3 (KN03)
Ligand kf (C11/LH2) kfiCuOAtfLHJ kf (Cu/LH3) kf (Cu/LH3)
kf / (dm1 mol
[15]aneNs 1.4 x10s 9.7 x10s - -
[16]aneNs 2.4 x10s 3.1 x 10s 5.6 xlO2 ca. 1
[17]aneN5 4.9 x10s 8.6 x 10s 8.7 x 1(P 8.1 x 10
(c) Effect of alkylation.
The effect of alkylation of N-donor macrocycles has been studied both in terms 
of alkylation at the donor atoms and on the carbon framework. Kaden and Stein-
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mann were amongst the first to systematically study the effect of substituents on the 
rates of complexation.107 The reactions of Ni2+, Co2+, Cu2+ and Zn2+ with four 
different substituted cyclic tetramines were studied over a range of pH. The 
resolved rate constants are shown in Table 1.13.
K*R‘Rl R* L> [131one M,
•<,'J x x x L h 
K V  1 1 1^<4
L.2 R1 =CH3jR2=R3=R4=H
o R2=CH3, R '= R 3^ ‘ =H
i * r 2=r 3=c h 3.r ' =r 4 =h
L5 r '  =r 4=c h 3 ^ = R 3 =H
Table 1.13
Rate constants for the reaction of Ni2+ , Cu2+, Co2+ and Zn2+ with L1’5;1
aqueous solution, 25°C,n = 0.5 mol dm-3, kHL/ (dm3 mol-1 s'1)
Ligand Ni2+ Cu2 + Co2+ Z n 2+
kHL kHL k HL kH L
L> 145 U 1107 - -
L2 n o U i  107 1.8X 102 8 .0 x 1 0 *
Ls 55 6.5 x10s - -
L4 14 3.4 x10s - -
L5 4 5  x 10-2 2.2 x 1 0 s 1.1 x 10-1 88
From the results they concluded that substituents in the ¿-position to a co­
ordinating nitrogen have no effect on the rate of complexation, but that substituents 
in the a-position slow down the first step of the reaction.
Buxtorf and Kaden108 studied the effect of successive N-methylation on the 
rate of reaction of substituted cyclams with Ni2+ and Cu2+ in aqueous solution. 
The resolved rate constants for the reactions of the monoprotonated ligands with the
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metal ions are shown in Table 1.14.
Table 1.14
Rate constants for the reaction of Ni2+ and Cu2+ with methylated cyclams;108 
aqueous solution, 25 °C, kLH / (dm3 mol-1 s '1)
Ligand k u , / CU2 t kLH
cyclam 2.6 x 105 7.4
Me-cyclam 1.2 x 107 55
Me2-cydam 2.8 xlO6 10
Me4-cyclam 2.9 x 10s 1.4
For open-chain amines one would expect to see a gradual decrease in rate con­
stant with successive methylation until all the nitrogens are methylated, causing a 
severe drop in rate.70 However, with the substituted cydams this trend is not 
observed. Thus, the expected decrease in rate may be compensated for by a favour­
able change in conformation or the rate determining step being different from the 
open-chain amine reactions. An interesting observation is that for the fully methy­
lated cyclam the product of complexation is a penta-co-ordinate species with an 
equatorially bound solvent molecule, unlike the square planar species observed with 
the other ligands. This can be explained by an intermediate being formed in each 
case which must deprotonate to form the square planar complex, going via the conju­
gate base (Figure 13). This behaviour was also observed by Barefield et al.109>110 
A similar study carried out in dmf94 on the reactions of Me-substituted cyclam 
with Ni2+ and Cu2+ show a decrease in rate with successive methylation. In dmso 
the complexation rate of tmc is over 300 times smaller than that observed with 
cyclam, when reacting with Ni2+ at 25 °C 55 The effect of alkylation in the complex­
ation reactions of unprotonated ligands can also be seen in Table 1.8 (section (a)) 
for the reactions of Cu(OH)3‘ and Cu(OH)42' with various open-chain and cyclic 
amines. Again successive alkylation causes a decrease in the resolved rate constants.
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(d) Effect of rigidity.
In one of the earliest publications on the subject,the effect of increasing rigi­
dity of N-donor ligands on the rate of complex formation with Cu(II) in 0.5 mol dm-3 
NaOH was studied. The basic conditions were required to avoid ligand protonation. 
The second order rate constants are illustrated in Table 1.15.
The porphyrin ring is the most rigid and will thus have the greatest difficulty in 
twisting and folding to produce a stepwise desolvation mechanism. Some degree of 
multiple desolvation is almost certainly required for the complexation process. This 
may also occur, to a lesser extent, with the unsaturated and saturated cyclic amines, 
where multiple desolvation may be necessary in the co-ordination of the third or 
fourth nitrogen donors.
Table 1.15
Rate constants for the reaction of Cu2+ with various ligands;111 
25.0 °C, 0.5 mol dm*3 NaOH, kf /  (dm3 m o l1 s 1)
Ligand kf
23,2-tet ca. 107
tet-a 1.6 x 107
tet-b 3.6 x10s
trans-[ 14]-diene 5.6 xlO3
hematoporphyrin 2.0 xlO -2
The effect of replacing a secondary amine by a pyridine group in tetra-amine 
macrocycles was studied by Schultz-Grunow and Kaden.112 The reactions of the 
ligands shown with Co2+, Ni2+, Cu2+ and Zn2+ were studied in aqueous solution.
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Again the kinetics are resolvable as the reactions of the protonated ligands. 
On comparison with cyclic amines with no rigidity incorporated, the effect on the 
reaction rates of introducing a pyridine ring is a reduction of 10-100 times, though it 
is not clear whether the effect is due to the decreased flexibility of the ligands or to 
other steric effects.
Klaehn et al113 studied the rate of reaction of tmbc with Cu2+ in dmf. They 
observed a two step reaction, with a rate constant for the initial complexation step of 
kf = 39.4 ± 12 dm3 mol' 1 s"1 at 25 °C, the slower, metal independent step was con­
sidered to be the rearrangement of an unfavourably co-ordinated complex to the 
final product. At the time there were nootherdatato compare to this figure, and so 
the effect of the two benzene rings in the structure could not be determined. How­
ever, in a recent publication the value of the rate constant for the reaction of tmc 
with Cu2+ in dmf is reported (at -43 °C).94 By calculating the rate constant at 25 °C 
from the reported activation parameters using the Eyring equation, a rate constant 
of (9.5 ± 1.9) x 104 dm3 mol*1 s'1 is obtained. Thus, the two benzene rings in tmbc 
reduce the rate some 2-3 x 103 times, which is a considerable decrease. A reduction 
in rate of only about 20 times is observed in the reaction of tmc with Ni2+ in dmf 
compared with cyclam55 and of 25 times for the reaction of dibenzocyciam with 
Cu2+ in ethanol/water.114 Thus, the very large rate decrease for tmbc may indicate a 
change in mechanism compared to tmc and dibenzocyciam.
The effect of rigidity on the complexation kinetics of macrocycles has also 
been investigated using dioxo-tetra-aza macrocycles.115'116 The two ligands shown 
were compared via their reactions with Ni2+ and Cu2+ in aqueous solution.
NH HN
CH3
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Protonation is very important in these ligands as the N-donors of amides will 
not bond to a metal ion until they are deprotonated. Thus, many different species 
can exist; their relative concentrations dependent on the pH (Figure 1.4).
Fig. 1.4 Proposed structures of Cu2+ / diamide N, macrocycle complexes.115
The kinetics of the more flexible ligand 1 resemble those of open-chain 
ligands, whereas for ligand 2 the increased rigidity considerably reduces the reaction 
rate to 1.5 dm3 mol-1 s' 1 for the reaction of unprotonated ligand with Cu2+ at pH 
5-5.8 at 25 °C. The similar ligand Me3-PyN3, which contains no amide groups, reacts 
with Cu2+ at (2.3 ± 0.5) x 105 dm3 mol'1 s*1 even in its monoprotonated form.112 
This illustrates the great effect on rigidity that introducing amido groups into macro- 
cycles can have. Another example is in the comparison of the monoprotonated 
forms of cyclam, [13]aneN4, dioxo-cyclam and dioxo-[13]aneN4 reacting with 
Cu(02CMe)+ in aqueous solution (Table 1.16).
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Table 1.16
Rate constants for the reaction of C u(02CMe) + with various monoprotonated 
macrocycles;116 aqueous solution, 25 °C, n = 0.2 mol dm'3
(e) Effect of protonation.
Macrocyclic polyamines exist as protonated species in water at the pH ranges 
used in most kinetic studies. Thus, a constant problem is the resolving of the kinetic 
data into rate constants for the different species present. In order to do this as wide 
a range of pH as possible must be studied to determine the effect of H + concentra­
tion, and the protonation constants of the ligands must be determined. For open- 
chain polyamines the protonation constants decrease fairly steadily as each extra 
proton is added, but for cyclic polyamines the closed structure decreases the distance 
between the protonated sites on the ligand. For an N4 macrocycle, such as cydam, 
the second proton will bind in the position trans to the first protonation site, but suc­
cessive protonations become extremely difficult because of the proximity of the 
donors, thus a large drop in protonation constant is seen in going from pK2H to 
pK3H in cyclam (see Table 1.17).
Ligand kHL/ (dm3 mol*1 s'1)
5.3 x 106
W
9.5 xlO2
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V
Tabic 1.17
Protonation constants for various polyamines, 25 °C 
Refs; 69,96,104,117.
Ligand pK, PK2 pK3 P*4 pK5
trien 9.80 9.08 6.55 3.25 -
cyclam 11.83 10.76 <2 <2 -
cyclam 11.50 1030 1.62 0.94 -
tetren 9.78 938 8.14 4.83 3.15
[15]aneN5 10.85 9.65 6.00 1.74 1.16
This effect decreases as the ring size increases. A lesser effect occurs with N5 
macrocyclic amines, where a drop in pKH occurs from pK3H to pK4H (see Table 
1.17).
Therefore, the number of possible reactions for M2+ reacting with an N4 
macrocyclic ligand L can complicate the kinetics:
M2+ + L — ML
C ,H ^  V “M2+ + LH - I »  MLH 
4K2h «fast
» ,  kLH, 11
M2+ + LHj -T j2MLH2
( 20)
UK,» II fast
W kLH IT
m2+ + lh3 __>3MLH3
The slow reactions of macrocycles in aqueous solution are due to electrostatic 
interactions, since the positive charges of the protonated ligand and the metal cation 
will be closer together in cyclic ligands than in open-chain ligands. This is why the 
mono- and di- protonated forms of cydam react 30,000 times slower with 
Ni(H20 )62+ than do the corresponding species of the open-chain polyamine 
trien.118 Intramolecular hydrogen bonding, which occurs in open-chain polyamines, 
can affect the rate of complexation reactions.70'73 This effect is magnified in cyclic
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amines as hydrogen bonds tend to form within the ring.119
To avoid the effects of protonation a number of studies have involved the use 
of aprotic solvents55’94*95 and strongly basic aqueous media93 (see section (a)).
(0  Effect of number of donors.
The effect on reaction rates of changing the number of donor atoms in the 
macrocyclic ring is a subject which has been little explored. Certainly, if the reac­
tions followed the Eigen-Wilkins mechanism changing the number of donor atoms 
should not in itself affect the rate of reaction. However, by changing the number of 
donors the ring size, protonation and solvation of the ligand will also be changed as 
well. Thus, to determine this effect, studies need to be carried out in conditions 
which will avoid protonation (e.g. in aprotic solvents), and ideally not affect ring size 
(e.g. using [12]aneN3 and [12]aneN4).
Certainly for the monoprotonated forms of [9]aneN3 and [14]aneN4 reacting 
with Cu(02CMe)+ (at 25 °C, I = 0.2 mol dm’3) the rate constants are virtually iden­
tical, (6.8 ± 0.5) x 106 and (53 ± 0.5) x 106 dm3 mol*1 s*1 respectively.102
(g) Effect of mixed donor atoms.
The incorporation of other types of donor atoms into macrocyclic amines has 
found some use in probing the mechanisms of complexation of macrocycles. Kal- 
lianou and Kaden120 studied a macrocycle containing 2N and 2S donors in order to 
shed light on the protonation effects which lower the rate of complexation for N-do- 
nor macrocycles compared to analogous open-chain ligands (see section (e)).
The N2S2 ligand allows the relative positions of the protonated site and the site 
of first bond formation to be known. Introducing S donors into the ring also lowers 
the stability of the complexes formed (see section 1.7) and thus allows the study of 
metal-metal exchange and complex dissociation reactions (see section 1.6), which 
are not easy to carry out with macrocyclic polyamines. The kinetics of the ligand 
reacting with Cu2+(aq) in an acetate buffer were measured over a range of pH. The
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rate constant for the reaction of the monoprotonated form of the ligand was resolved 
as 29 dm3 mol' 1 s*1, which is some lOS-lO6 times smaller than the typical values 
obtained for monoprotonated tetraaza macrocycles (e.g. see Table 1.10). This can be 
explained in two ways; firstly, attack could occur initially at an S-atom in a 
trans-position to the protonated amine, the relatively weak Cu-S bond121 causing the 
rate determining step to shift to second bond formation. Alternatively, the low rate 
constant could be due to attack at an N-atom cis to the protonated site, the rate 
determining first bond formation being reduced by strong electrostatic interactions 
between the dipositive cation and the ammonium group. This kind of behaviour is 
observed with open-chain polyamines, where the monoprotonated species react 
lOMO5 times slower than the free ligand,122 thus the latter explanation is more 
appealing.
The complexation kinetics of N20 2-macrocycles have also been studied.123 
The reactions of each of two ligands with Ni2+ in methanol were observed to consist 
of an initial fast, metal dependent step followed by a slower step which was post­
ulated to involve a rearrangement of the ligand within the nickel(II) co-ordination 
sphere. The initial step followed the Eigen-Wilkins mechanism, with first bond for­
mation being the rate determining step, the rate being comparable to the rate of 
exchange of methanol on Ni2+, unlike alot of tetraaza macrocycles, where the rate 
determining step is not controlled by the dissociation of the first co-ordinated sol­
vent molecule.107-108*118»124' 127
(h) Macrocyclic polythiaethers.
The thiaether macrocycles have generally not received as much attention as the 
polyamines. Like the amines they have been suggested as "models" for biological 
systems, such as the "blue" copper proteins (e.g. plastocyanin) and the iron contain­
ing rubredoxins and ferredoxins.128 Thus, many of the model system’s properties 
pertaining to these naturally occurring systems have been studied17 such as their 
Cu(n)/Cu(I) self-exchange rates.129 The kinetics of complexation of a range of poly-
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Fig. 1.5 Ring size effects for Cu2+ / tetrathiaether complexes.121
thiaethers have been studied extensively by Rorabacher et al.121«130
The studies were carried out in a methanol/water solvent mixture due to ligand 
solubility difficulties, over a range of 25-95% methanol. These ligands have signifi­
cant differences to the polyamines. The ligands are free of protonation, and so the 
large influence of protonation found in the kinetics of polyamines (see section (e)) 
will have no bearing with these systems. Also, the ligands are not significantly sol­
vated which allows direct examination of the configuration contributions to complex 
stabilities. With polyamines the high degree of ligand solvation plays an important 
part in the high stabilities of the complexes (see section 1.7). The weaker complexes 
of the thiaethers also permit the direct measurement of the dissociation rate con­
stants (see section 1.6). /  V «/""V
i2 -o n * -S 4 l3 -o n * -S 4 l4 -o n * -S 4 IS -o n « -S 4
l6 - a n « - S 4 l5 -on* -S $  R2- 2 .3 .2 -S 4
(R* M« or E t)
As the percentage of methanol increases the values for kf decreases consis­
tently for all the ligands shown above indicating that the effect of solvent on kf is 
independent of the ligand structure.
The resolved rate constants are shown in Table 1.18. Figure 1.5 shows the 
variation of formation rate constants with ring size.
The value of kf for [15]aneS4 is greater than that for [16]aneS4 due to the 
greater ease in closing five-membered chelate rings compared to six-membered 
rings.77»131 15-ane-S5 reacts faster than [15]aneS4 due to the increase in the number 
of available five membered rings and the extra flexibility gained in introducing 
another donor atom. As the ring size of the ligands decreases the rate decreases due 
to a reduction in the flexibility of the ligands. The proposed mechanism for the 
complex formation between Cu(H20)$2+ and the cyclic tetrathiaethers is similar to
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Table 1.18
Calculated rate constants for the reaction of Cu2+ with various polythiaethers;121 
aqueous solution, 25 °C, 0.1 mol dm '3 C104* (HC104)
Ligand 10*4 kf /  (dm3 mol'1 s'1)
[12]aneS4 0.65
[13]aneS4 7.4
[14]aneS4 13
[15]aneS4 23.5
[16]aneS4 17
[15]aneS5 75
Etr 23,2-S4 130
Me2-23,2-S4 420
that proposed for the analogous cyclic tetraamines 93 (see Figure 1.2, section 1.5(a)). 
The rate determining step is concluded to be at the point of second bond formation 
from conformational and bond strength considerations. To test this hypothesis the 
kinetics of the reaction of Cu2+ with [14]aneS3N were measured. The extra bond 
strength in the Cu-N bond compared to a Cu-S should be sufficient to shift the rate 
determining step back to first bond formation. This would produce a calculated rate 
constant of (3-16) x 106 dm3 mol'1 s' 1 (at 25 °C)121 if this mechanism occurred. The 
value of the resolved rate constant of formation was 3.5 x 106 dm3 mol"1 s"1 (25 °C, 
0.1 M NaC104 ) and so it was concluded that the data fitted the proposed mecha­
nism.
(i) Macrocyclic polyethers.
A number of studies of the complexation kinetics of cyclic polyethers reacting 
with alkali metals have been undertaken. The rates of such reactions are generally 
much faster than the rates of transition metal complexations with macrocyclic 
amines, approaching the diffusion limit in many cases (ca. lOMO10 s*1). This can
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occur when the reacting cation has so low a charge density that the rate determining 
step in the loss of a solvent molecule is the diffusion of that molecule into the bulk 
solvent. Thus, as with the substitution reactions of metal ions with monodentate 
ligands (see section 1.2) the simplified complexation reactions can be written as;
M * + (21)
k 21 k 32
where KM -
and kf = K06k23, when k2i > > k^j
Linear variations of logkf with ionic radius of the reacting cations are known 
for many ligands in water, when all the metal ions have the same charge.45 However, 
with macrocycles this has been found to be different, as figure 1.6 shows for the nat­
urally occurring macrocycle valinomycin.132
This behaviour may be explained by the interaction of a variety of contributing 
factors, including solvation and chelation effects.133
An important factor in the complexation reactions of crown ethers is the pres­
ence of conformational equilibria which are set up between different conformational 
forms of the ligand. These can have a profound effect on the kinetics. For the reac­
tion of dibenzo-30-crown-10 in methanol with a variety of monovalent cations 
Chock134 proposed that an immeasurably fast conformational equilibrium was estab­
lished in the reactions prior to the complexation reaction.
CRi k#
U  + M+ ^  MCR+ (22)
CR2
(where CRX and CR2 denote different conformations of the uncomplexed 
ligand)
Grell e t al132 also suggested the occurrence of such a conformational equili­
brium in the reaction of valinomycin with monovalent cations, but this time they pro­
posed the equilibration took place after the rate determining step. These rapid con­
formational equilibria highlight the flexibility of these ligands. This flexibility is a
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Fig. 1.6 Non-linear dependence of kf on reading metal ionic radius for valinomy-
cin.7
necessity for the explanation of the nearly diffusion controlled rate constants for 
complexation, as more rigid ligands would require the total desolvation of a binding 
site on a metal ion before complexation could occur, which would significantly 
reduce the rate as more energy would be required.
Examples of rates of complex formation for the crown ether 18-crown-6 are 
shown in Table 1.19.
Table 1.19
Rate constants for the reaction of 18-crown-6 with various monovalent cations;135 
aqueous solution, 25 °C, n ca. 0.3 mol dm*3, kf / (dm3 mol' 1 s*1)
Cation kf
Na + 2.2 x10s
K + 4 3  x 10s
Rb + 4.4 x 10s
Cs + 4 3  x10s
n h 4+ 5.6 x10s
Ag + 1 12 x 10s
Ti + 9.0 x 10s
(j) Macrobicyclic ligands.
Macrobicyclic ligands, or cryptands, are macrocycles containing two rings. 
Most cryptands synthesized consist of bridgehead nitrogen atoms with N or O donors 
present in the interconnecting chains.
v
a =  b «  c =  0 C ryptand 111
a — b =  0 , c = \  C ryp tand  211
a = 0, b =  c =  1 C ryp tand  221
a =* b — c *» 1 C ryp tand  222
These ligands have been reviewed by Lehn.20*22»136 As with the crown ethers,
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the kinetic studies of cryptands have been largely confined to the alkali metals. Con­
formational changes in solution are again important for this class of ligands. There 
are three possible stereoisomers for the ligands shown above;
H * - • N -N H * - N H * - N , - N - H  H * -N j>
(out-out [0*0*] ) (out-in [oYl ) un-in i r r i )
Simmons and Park found that an equilibrium exists between the [o,o] and [i,i] 
isomers. The [o,i] isomer is of higher energy due to a nonbonded repulsion 
effect.137 Lehn et al suggested that the cryptands and their cryptated cation com­
plexes exist as an equilibrium mixture of all three conformations and observed 
exchange at the cations in solution.138 A simple complexation-decomplexation pro­
cess was favoured over a bimolecular exchange, which is the same as the complexa­
tion mechanisms for all the other types of macrocycles.
The complexation rates of cryptands with alkali metals are ca.106 dm3 mol' 1 
s 'i( i39) which is slower than the same reactions with the crown ethers (see section
(i)). The stability constants of the cryptâtes are, however, ca.103 larger than the 
crown ether complexes.138 Unlike the monocyclic macrocycles the stability is not 
simply dependent on a very slow dissociation rate but also involves contributions 
from the complexation rate. The observed complexation rates are slower than for a 
diffusion-controlled process, though this may be the result of a conformational rear­
rangement equilibrium being set up prior to the complexation process:140
1^2 w
out-out in-in K12 ™ k12/k2i (23)
k21
:32
(24)
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Thus a knowledge of the stability constant for the equilibrium change is 
required in order to resolve the true complexation rates, which may indeed turn out 
to be diffusion-controlled (this would require a K12 of ca.10"5 s '1).
1.6 Dissociation Reactions of Macrocyclic Complexes
Generally it is difficult to measure the rates of dissociation of macrocyclic com­
plexes at the same time as measuring the rates of formation, as can sometimes be 
done with complexes of lower dentate ligands. This is because the rates of dissocia­
tion are extremely slow for macrocyclic complexes, and the dissociations have to be 
induced by adding acid, base, CN', Hg2+ or Ag+ which increase the dissociation 
rate. Open-chain polyamines have been shown to dissociate from metals via an 
"unzipping mechanism".14 However, cyclic ligands have no free end with which to 
initiate this mechanism and so the reactions are considerably slowed down. It has 
been suggested14 that dissociation in macrocyclic complexes involves initial attack of 
an appropriate ligand at an axial site in planar N4 complexes, followed by a folding 
of the ligand to remove the donor atom from the bonding. Certainly, evidence exists 
for the folding of macrocycles being involved in the complexation of such species. 108
The very slow rates of dissociation of macrocyclic complexes is the kinetic rea­
son for the high stability of these species (see section 1.7). The term "multiple juxta- 
positional fixedness" was coined by Busch14 to describe this phenomenon.
k/
M2+(solv) + MAC(solv) q p i  M(MAC)2 + (solv) (25)
Cabbiness and Margerum111 first discussed this effect and Table 1.20 shows 
some of their data, comparing the open-chain ligand complex Cu(2^,2-tet)2+ with 
Cu2+ complexes of macrocyclic ligands. The rate constants were measurable only 
under conditions of high acidity (6.1 M HC1).
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Table 1.20
Observed first-order rate constants for the dissociation of various Cu(II) species;111
6.1 mol dm'3 HC1,25 °C
The half-life for the slowest dissociating complex (Cu(tet-a)2+(red)) is thus 
shortened to 22 days. Cabbiness and Margerum concluded their report by speculat­
ing about the different effects of the different isomers of Cu(tet-a)2+ complexes on 
the dissociation rates. Since then a number of papers have appeared on the subject, 
the work having been carried out by Chung and co-workers.141'143
The acid hydrolysis of the planar [Cu(tet-a)(blue)]2+ complex was studied in 
aqueous solution. The following reaction scheme was proposed:141
in which the complex is in equilibrium with an intermediate containing only 
three Cu-N bonds and the "red" form of the complex, which differs from the blue 
species only in the configuration of a single chiral nitrogen centre.144 The resolved 
rate constants for the scheme are shown in Table 1.21.
Complex 
Cu(tet-a)2+(red) 
Cu(tet-a)2+(unstable red) 
Cu(tet-a)2+(blue) 
Cu(fra/u-[ 14]-diene)2+ 
Cu(23,2-tet)2+
k d / i s 1) 
3.6 xlO-7 
43x10-* 
3.8 xlO-3 
1.2 x 10"3
4.1
Cu2+ + (Hteta)4+
(26)
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Table l i l
Resolved rate constants for the dissociation and isomerisation of
[Cu(tet-a)(blue)]2+, HzO, 25 °C, n -  5.0 mol dm 3 (H N 03 + NaNOj)141 
kj = 2.6 (± 0.3) x 10*4 dm3 mol*1 s*1 
k.j = 1.4 (± 0.1) x 10*3 s*1 
k2 -  2J (± 0.1) xlO*3»*1 
k3 = 4.6 (± 0.2) x 10*4 s*1
The rate determining step in the dissociation process is proposed to be the 
cleavage of the second Cu-N bond, which is in contrast to the mechanism for the dis­
sociation of Cu complexes of the open-chain polyamines, where first bond cleavage 
is the rate determining step.68
A later study of an acid dissociation from the point of view of the 
[Cu(tet-a)(red)]2 + species143 confirmed the original results and added a figure of 
(2.27 ± 0.10) x 10*8 [H +] dm3 mol*1 s*1 for the slow reaction of [Cu(tet-a)(red)]2+ 
to[Cu(Htet-a)]3+ under the same reaction conditions.
The acid dissociation mechanism of the five co-ordinate folded 
[Cu(tet-b)(blue)]2+ complex was also studied,142 and was found to depend on both 
protonation and solvent-separation pathways, unlike its (tet-a) analogue. No isomer­
isation was involved this time. The proposed stepwise dissociation mechanism is 
illustrated in Figure 1.7.
A study comparing the acid dissociations of Cu(cydam)2+ and Cu(3,2,3-tet)2+ 
illustrated the relative complexity of the dissociation of a macrocyclic complex com­
pared to an open-chain complex.14S The authors proposed that cleavage of the first 
Cu-N bond of Cu(cyclam)2+ is predominantly via the protonation pathway, whereas 
for Cu(3,23-tet)2+ it is mainly via the solvation pathway. They suggest it is because 
the unrestricted donor atoms of 3,2,3-tet are able to move easily out of the first co­
ordination sphere and are relatively unaffected by acid.145 Whereas, the restricted 
donor atoms of cyclam rely on the acid to strip them from the co-ordination sphere
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as the solvent has little effect on this process. The rate determining step for the 
open-chain ligand is the cleavage of the first Cu-N bond because the leaving donor 
group can easily rotate away from the metal on dissociation. With the restricted 
cyclic ligand the solvation of the metal ion and the very close protonated, unco­
ordinated amine group is sterically hindered, thus shifting the rate determining step 
to second bond cleavage.
The acid hydrolysis of the Ni(II) and Cu(II) complexes of a number of triaza- 
macrocycles have been extensively studied.147'149 The Ni(II) complexes of [12]aneN3 
and [9]aneN3 show marked similarities in their kinetic behaviour to Ni(c-tach)2+.150 
This is perhaps not surprising as all three amines form tridentate complexes which 
can only co-ordinate facially to metal ions, and all are structurally restricted, so that 
on bond breaking the N-donor atom cannot be removed very far from the metal. It 
might be expected that the more flexible [12]aneN3 ligand would promote an easier 
unwrapping process, but this is not the case. The Ni[9]aneN32+ complex is probably 
more strained than the Ni[12]aneN32+151’152 and thus the rate of dissociation of the 
[9]aneN3 complex is greater than for the [12]aneN3 complex. The argument is 
backed up by the smaller aH# of hydrolysis of Ni[9]aneN32+ which suggests weaker 
bonding in the complex compared to Ni[12]aneN32+ (see Table 2.22.).
Table 1.22
Rate constants for the dissociation of Ni2+/N3 complexes;149
aqueous solution
Complex temp, °C 10s k, s 1 105 kH, dm3 mol'1 s' 1
Ni(9]aneNj2+ 25 3.25 (± 0.67) 13.0 (* 1.0)
35 7.6 (± 2.1) 55.8 (± 3.2)
Ni[12]*neN32+ 30 0.260 (± 0.014) 0.100 (* 0.019)
40 0.52 (± 0.24) 1.00 (± 037)
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p r o d u c t s
Fig. 1.7 Stepwise dissociation mechanism for [Cu(tet-b)(blue)]2+.142
I II
A number of Cu(n)N3 complexes have been studied, and a variety of kinetic 
behaviour has been observed.147*148 Complexes containing the smaller ring sizes, 
Cu(znn)2+ , Cu(zdn)2+, Cu(zud)2+ and Cu(mznn)2+ display a first order depen­
dence of dissociation rate with [H]+, whereas the larger ring sizes, Cu(zdd)2+, 
Cu(ztd)2 + , Cu(zaud)2+, Cu(zadd)2+ and Cu(zted)2+ show an acid dependence at 
low [H ]+ but become independent of acid at higher concentrations. The non- 
macrocyclic complex Cu(ccha)2+ also displayed this behaviour (see Figure 1.8).
The rate constants for dissociation are shown in Table 1.23.
Comparing the rates of dissociation of Cu(znn)2+, Cu(zdn)2+ and Cu(zud)2+ 
shows a decrease in rate as the macrocyclic ring size increases. The acid dissocia­
tions of the complexes with the larger ring sizes can be accounted for by the mecha­
nism:
K C uH L
CuL2+ + H + CuHL3+
kl
CuHL3+ —► Cu2+ + H L +
(27)
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V
Fig. 1.8 Plot of kob, against [H +] for Cu2+ /  N3 complexes.147
Table 123
Rate constants for the dissociation of various Cu2+ complexes;147*148
aqueous solution
Complex
Cu(znn)2+
Cu(mznn)2+
Cu(zdn)2+
Cu(zud)2+
Cu(zaud)2+
Cu(zdd)2+
Cu(zadd)2 +
Cu(ztd)2 +
Cu(zted)2+
Cu(ccha)2 +
kH / (dm3 mol*1 s '1) 
51 
26 
17
5.6
k i/(s-1)
67
21
45
15
50
75
The mechanism is displayed graphically below;
(5)
T he acid-independent pathway is accounted fo r by the path
(l)-(2)-(3)-(5)-products with k32 as the rate determining step, whereas the acid- 
dependent pathway involves the process ( 1 )-(2)-(4)-(5)-products. All complexes will 
display both pathways in their dissociation reactions, but since the acid-dependent 
pathway is generally much faster the other pathway is only observed in special cir­
cumstances. General acid catalysis was observed for the acid dissociation of
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Cu(zdd)2+ indicating the importance of the direct proton attack,105 with attack of 
the acid with concomitant Cu-N bond breaking being the rate determining step.
The acid hydrolysis of the Cu(II) and Ni(II) complexes of the ligand [15]aneN5 
have been studied.153 A second-order dependence on [H +] was observed for both 
species, indicating that the transition state of the reaction must involve two protons. 
This was explained by initial proton attack at an apical nitrogen atom in the Cu2+ 
species, since axial Cu-N bonds are weaker due to Jahn-Teller distortion. Attack of 
a second proton at the equatorial sites would then explain the kinetic behaviour (see
Cu2»(oq) +  h5l5* Cu2+ /N j  complexes.153
The observed rate law was, rate = kH[complex][H + ]2, with kH for [CuL]2+
4.9 x 10-2 dm6 mol'2 s' 1 and for [NiL]2+ 0.63 dm6 mol'2 s' 1 at 25 °C. The mechanism 
was confirmed by the observation of a third-order dependence on [H +] for the 
Cu(II) and Ni(II) complexes of the hexadentate ligand 1,4,7,10,13,16-hexa-aza-cyc 
looctadecane. The same mechanism was observed for the Cu(II) complexes of [16] 
& [17]-aneN5.154 Table 1.24 illustrates the increase in acid dissociation rate with
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increasing ring size.
Table 1.24
Variation in acid dissociation rate constant with ring size for a series of Cu(II)/N5 
macrocyclic complexes;154 (25 °C, aqueous)
Ligand kH / (dm6 mol*2 s '1)
[15]aneN5 0.049
[16]aneN5 4.85
[17]aneN5 1.18X103
The Ni(II) complex of [17]aneN5 shows only a first-order dependence on [H +] 
(kH = 0.23 dm3 mol' 1 s' 1 at 25 °C, I =  0.1 mol dm'3), so it would appear that only 
the four equatorial nitrogens are bound to the Ni(II) ion in the pH range studied, the 
axial N being protonated throughout.154
Structural effects on the dissociation rates of macrocyclic complexes have been 
studied. The kinetics of the acid catalysed dissociation of irons-and cis-diimine N4 
macrocyclic complexes were studied in order to evaluate the effect of ring unsatura­
tion on the dissociation rates.
M* M*
( ' Ç  ç - i . (< = » .  i - o .
H *  M*
N « h  ____ ^
m -  m -  2. //•««-( l4|di«oc m m  mm 2. rt«-(l4|dknt
m  -  2. m • J. iramt-[ 1SJdicnc 
(rM>-{l6)dMfic 
m  -  a • 4, It  (diene
m -  2 .«  -  J. ci»-[ I Sjdicac 
m  m a .  4. (O -(ll)dM M
On comparison of the rates of acid dissociation for the irons-macrocyclic cop- 
per(II) complexes a decrease is observed as the ring size decreases from 18 to 16, 
with a second order dependence on [H + J. For the cù-macrocycles the rate 
decreases from 15 to 14, and then increases for the 13 membered monoimine. This 
indicates that the rate of hydrolysis is a minimum for the 14 membered tetraaza 
macrocyclic complexes, which is in keeping with the idea that the strain involved in
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square planar co-ordination is least for a symmetrical 14 membered macrocycle. 
The results for the Ni(II) complexes display similar trends, with the rate of 
[Ni(fra/ts-[14]diene)]2+ dissociation being ca.lO-9 s' 1 at 25 °C in 2 mol dm'3 HC1,155 
see Table 1.25.
The acid catalysed dissociation of the Cu(II) complex of c«-[18]diene is known 
to possess a distorted tetrahedral geometry and this is reflected in the fast dissocia­
tion rate (Table 1.25), and is due to the high degree of strain in the structure. In 
comparison, the analogous trans-complex is essentially planar, with few steric prob­
lems, and thus dissociates much more slowly in acid. Indeed, the cu-complex is so
Table 1.25
Acid dissociation rate constants for Ni2+ and 
macrocyclic complexes;155*156, 25 °C 
Complex
[Cu(/rans-[ 16]diene)]2+ 
[Cu(frans-[ 18]diene)]2 + 
[Cu(frans-Me6[ 14]diene)]2+ 
[Cu(frans-Me6[ 18]diene)]2+ 
[Cu(cir-Me6[18]diene)]2+ 
[Ni(/rans-[ 15]diene)]2+ 
[Ni(Me[15]diene)]2+ 
[Ni(/ram-[ 18]diene)]2+ 
[Niitrans-Megl 18]diene)]2+
Cu2+ complexes of diimine
kH / (dm3 mol'1 s 1)
9x 10"3
4.8 x 10-3 
2x l(H
3.6 x 10-2 
25
3 .5 x 10-5
3.8 x 10-6 
5xl<H  
6 x 1(H
highly strained that it dissociates faster than [Cu(23,2-tet)J2 + which contains an 
open-chain ligand (Table 1.20).
The increased rigidity of the imine groups makes the macrocycles less flexible 
than the saturated cyclic tetramines, making the conformational changes required to 
move a dissociated nitrogen away from the metal more difficult. Kinetic results for
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the Cu(II) compounds indicate that the rate determining step may be the breaking of 
the second Cu-N bond.
Acid dissociations of the Cu(II) and Ni(II) complexes of 5,7-dioxo-cyclam pro­
ceed entirely by an acid induced pathway, with no solvolytic pathway detectable. 
Again, a second order [H + ] dependence is observed, with a possible kinetic scheme 
for the dissociation being;
K
ML + 2H + ^ M L H 22+
k (28)
MLH22 + — >  M2 + (aq) + LH2
The slow dissociation after initial protonation is the rate determining step. 
The rate constant for the Cu(II) complex is 1.15 ± 0.03 x 107 dm6 mol'2 s' 1 at 25 °C 
and for the Ni(II) complex it is 1.23 ± 0.01 x 105 dm6 mol'2 s*1. The diamide macro­
cycles react much more rapidly than the similar tetraaza macrocyclic complexes, 
which normally show a first order dependence on [H +].145 The reason for this is 
probably an initial attack by protons on the amide oxygen atoms to give the iminol 
tautomer, followed by intramolecular proton transfer to the nitrogen donors, thus 
producing a rapid preequilibrium prior to the dissociation. Such protonation behav­
iour has been observed in acid solutions of [Co(NH3)4 (glyNH)]2 +157 and 
[Co(glyglyO)J-.138
Since macrocyclic polyamines dissociate so slowly mixed-donor macrocycles 
have often been studied instead, since their lower stabilities make the complexes 
more amenable to study because they are more labile. To this end the kinetics of 
acid dissociation of a range of Ni(II) complexes of 14-17 membered N20 2-donor 
macrocycles were studied.159
-43-
V
Y
q - H - p
T j r
Lf
V
Kinetic data for the dissociations are given in Table 1.26.
Table 1.26
Rate constants for the dissociation of various Ni2+/N20 2 macrocyclic complexes;1 
aqueous solution (except Lc, Lf & L8 in 90% methanol), [H + ] = 1.0 mol dm'3
Macrocycle ring size k,*. (25 °C), r
L* 14 8.8 xlO -1
Lb 14 1.4 X  10-1
Lc 15 35 x 10-3
Ld 15 1.7 x 10"2
Le 15 3.8 x 10-4
16 6.4 x 10-4
LB 17 > 0.5
Acetic acid was shown to have a strong catalyzing effect on the reactions, 
unlike other acids tried, and it was suggested that it was the acetate ion that was 
responsible for this behaviour, though general acid catalysis was not indicated. The 
reactions are generally independent of the acid concentration and fit the mechanism:
NiL2+ — Ni2+ + L (rate determining) 
kA
NiL2+ +  A ' —>  NiA2+ + L (rate determining) (29)
L +  2H+—*LH 2+ (fast)
The second step is only important for the acetate ion, and in all other cases the 
acid only scavenges the free ligand to prevent reformation of the initial complex. 
Thus, the solvolytic pathway is the rate determining step in these complexes. This 
almost certainly involves cleavage of the first or second oxygen atom, since similar 
studies using macrocyclic ^ N 2 complexes show similar kinetic behaviour and both
sets of complexes dissociate quicker than N4-donor macrocydic Ni(II) complexes. 
An isokinetic correlation supports the existence of a constant mechanism throughout 
the series of N20 2 complexes studied. The rate of dissociation of the unsubstituted 
macrocycles is very dependent on the ring size, with kinetic labilities following the 
sequence 14 > 15 > 16 < 17. This suggests that the 16 membered macrocycle pro­
vides the best fit for Ni(II) ion, which is in accordance with hole size consider­
ations. 160 C- and N- méthylation of the ligands reduces the dissodation rate of the 
complexes which suggests that a steric barrier is involved in the dissodation of the 
macrocycle. This is in keeping with the observations of Barefield et al on the 
N-methylation of N4 donor macrocycles.109*161
The dissociation trends of Cu(II) complexes of the polythiaether macrocycles 
have been investigated by Rorabacher et al.121*130 They discovered that the dissoda­
tion rates have far more relevance to the stabilities and the macrocyclic effect (see 
section 1.7) than the complexation rates (see section 1.5 (h)). Add conditions were 
not required in these studies as the macrocycles possess S-donors. The measure­
ments of formation and dissociation rate constants and the kinetic stabilities were
Calculated rate constants for the dissodation of various Cu2+/polythiaether 
complexes;121 aqueous solution, 25 °C, 0.1 mol dm'3 C104'  (HC104)
Table 1J J
Ligand 10- i k j /(•-»)
[12] aneS4
[13] aneS4
[14] aneS4
[15] aneS4
[16] aneS4 
[15]aneSj 
Et2-2,3,2-S4
4.9
860
0.26
2.7
0.6
15.8
106
Me2-23,2-S4 4500
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thus possible at the same time. The rate constants for dissociation of the Cu(II) com 
plexes are shown in Table 1.27.
A large solvent dependence of the rate constants was observed in methanol- 
water mixtures suggesting that solvation of the partially dissociated ligands greatly 
aids the dissociation process. The effect of ring size on the dissociation rate is shown 
in Figure 1.5. The effect of the constrained ligand flexibility is manifested in the 
large increases in the dissociation rates going from 14 to 16 membered macrocycles 
and on to the open-chain ligands. The 13 membered macrocyclic complex does not 
follow this trend as the metal ion is already partially "out” of the ring since it is not 
coplanar with the donor atoms as in the larger ring structures and so dissociates 
faster. This effect is balanced by increased rigidity in the [Cu[12]aneS4]2+ complex.
1.7 The Thermodynamics of Macrocyclic Complexes
"The Macrocyclic Effect."
The term "macrocyclic effect" was originated to describe the greater stabilities 
observed for aqueous metal complexes with cyclic tetraamines, which are several 
orders of magnitude more stable than the corresponding complexes with analogous 
linear amines of the same denticity. Cabbiness and Margerum162 first reported the 
effect The macrocyclic effect was seen as an extension of the chelate effect which 
refers to the greater stability of a complex containing chelate rings compared to that 
of an analogous complex which contains fewer or no rings.163 Thus, for example the 
complex [Nien3]2+, containing 3 chelate rings, has an overall stability constant of log 
P =  18.28, whereas the complex [Ni(NH3)6]2+, which has the same number and 
type of donor but no chelate rings, has an overall stability constant of log p  = 8.61; 
which is nearly 1010 times less stable than the chelated complex.
Since;
aG °  -  -RTlnl -  AH° - TaS° (30)
the factors which contribute to the chelate effect can be split into enthalpy and
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entropy contributions (see figure 1.10).
The main contribution always comes from the entropy, whether the enthalpy is 
favourable or not. Indeed, there are a number of examples o f the chelate effect 
where the enthalpy is actually unfavourable, yet a chelate effect is still observed;
e.g. [Nien2(H20 )2]2+(aq) + tren(aq)—[Nitren(H20 ) 2]2+ (aq) + 2en(aq)
\ogP = 1.88
aH° -  +13.0 kJ m o l1, -TaS° -  -23.7 kJ m ol1, aG° -  -10.7 kJ m ol1
(ref. 165)
The entropy contribution will always be favourable because chelation will 
cause an increase in the number of unbound molecules (solvent or ligand). The che­
late effect generally decreases with increasing size of the chelate ring; thus 
1,3-diaminopropane has a smaller chelate effect than 1,2-diaminoethane. This is 
because when one end of the chelating ligand is bound to the metal the longer the 
length of the carbon chain, the further away the other donor atom/s of the ligand will 
be from the metal ion and so the ring will be less likely to close.
Some of these arguments can be used when attempting to explain the macrocy- 
clic effect. It is easy to see how the entropy term will always be favourable for the 
complexation of a cyclic ligand compared to an open-chain ligand as the cyclic ligand 
is already restricted in many ways and so will have far less degrees of freedom to lose 
than the open-chain ligand (assuming that both complexes, with closely analogous 
ligands have similar entropies). However, the enthalpy term may or may not be fav­
ourable and many investigations into the macrocyclic effect have attempted to assign 
the additional stability of macrocyclic complexes to either entropy, enthalpy or a 
combination of both factors. The macrocyclic effect can also be explained in kinetic 
terms and is due to a decreased rate of dissociation in macrocyclic complexes com­
pared to those with open-chain ligands, this is known as "multiple juxtapositional 
fixedness" (see section 1.6).
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Fig. 1.10 Factors influencing solution stability of complexes.164
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Cabbiness and Margerum first observed the macrocyclic effect when compar­
ing the stability of a series of 1:1 complexes of tetramines with Cu(II) (Table 1.28). 
The authors attributed the reduced stability to [Cu(tet-a)(blue)]2+ compared to the 
(tet-a)(red) complex because of a folded macrocyclic structure, producing a less 
stable structure compared to the planar [Cu(tet-a)(red)]2+. However, this theory is 
incorrect, as [Cu(tet-a)(blue)]2+ has a planar structure as well. The reason for the 
low stability lies in the unstable chelate ring structure. In [Cu(tet-a)(red)]2+ the 
ligand is in its most stable configuration, with both six membered chelate rings in a 
chair form and both five membered rings in a gauche form.141«166 However, the 
authors concluded from the [Cu(tet-a)(red)]2+ results that the macrocyclic effect 
was about 10 times larger than could be explained by the chelate effect observed for 
Cu(II) and amine complexes. The two ligands used for comparison, tet-a and 
23,2-tet, have many differences in their structure, and so further studies were initi­
ated so as to compare ligands which resembled one another structurally much more 
closely.
Table 1.28
Stability constants for various 1:1 complexes of Cu2+/tetramines;162
0.1 mol dm'3
Ligand log K
tpt 13.1
333-tet 17.3
tren 18.8
trien 20.1
23,2-tet 23.9
tet-afblue) 20
tet-a(red) 28
The first of these investigations was designed to assess the contribution of
ligand solvation on the macrocydic effect. A series of 1:1 complexes of both macro- 
cyclic and open-chain tetramines with Ni(II) were studied by absorbance and calori­
metric measurements (Table 1.29).167*168
The stability constant of the Ni(n)[14]aneN4 complex is more than 106 times 
greater than for Ni(II)(2,3,2-tet). Comparison of the thermodynamic contributions 
shows that this enhanced stability is due to a more favourable enthalpy contribution 
for the macrocyclic ligand complex, with the aH° for Ni([14]aneN4)2+ being 58.8
Table 139
Stability constants, enthalpies and entropies of formation for various Ni2+ 
complexes, aqueous solution, 25 °C, n  =  0.1 mol dm-3;169
Complex log KNiL aH° (kJ m ol1) aS° (J K' 1 mol'
Ni(cyclam)2 + 22.2 -129.7 -8.4
Ni(Me2cyclam)2+ 21.9 -1173 + 333
Ni(tet-a)2+ ca. 20 - -
Ni(tet-b) 18.2 - -
Ni(233-tet)2 + 15.8 -813 +30.1
Ni(trien)2+ 13.8 -58.6 + 66.9
Ni(233-tet)2 ♦ (s.p.) 153 -703 + 57.7
Ni(trien)2+(s.p.) 11.9 -44.4 + 78.2
kJ mol-1 more favourable than the Ni(23,2-tet)2+ (only the contribution from 
the square planar complex is used for comparison, the contributions from the octa­
hedral complex with which it is in equilibrium must be neglected for ideal compari­
son). This large difference cannot be explained by stronger Ni-N bonding or by 
more favourable ring contributions (the most favourable arrangement of chelate 
rings being 5,6,5,6-membered as it holds ring strain to a minimum169). It was con­
cluded that the dominant factor responsible for the macrocyclic effect in the tetra- 
mine ligands is the lower degree of solvation of the macrocycle compared to the
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open-chain ligand. The cyclic nature of [14]aneN4 physically prevents it from having 
as large a hydration number as 23,2-tet, and data suggest that the macrocycle has at 
least two fewer water molecules. Thus, the enthalpy was considered to contribute 
the major factor for the macrocyclic effect in these complexes, with a smaller factor 
being the lower configurational entropy of the already cyclic ligand. The importance 
of steric effects was observed in the destabilising influence of the presence of methyl 
substituents on the 14 membered macrocyclic ring. The effect increasing with 
increasing the number of methyl groups from two to six.
Much the same conclusions were reached by Dei and Gori in a study of the 
thermodynamics of the metathesis;
Cu(2,3,2-tet)2+ +  Cyclam^Cu(Cyclam)2+ + 2,3,2-tet (31)
They established that the macrocyclic effect was due to favourable enthalpy 
contributions in the form of stronger Cu-N bonds in the cyclam complex and to fav­
ourable solvation enthalpy.170
More recent investigations by Paoletti et al171‘176 have shown that both 
entropy and enthalpy can make significant contributions to the macrocyclic effect. 
In a series of calorimetric studies the authors measured the entropies and enthalpies 
of formation of a number of macrocyclic and non-macrocyclic tetramine Cu(II) and 
Zn(II) complexes, and were able to assess the relative contributions of each to the 
macrocyclic effect. Some of their results are plotted in Figure 1.11.
The values for aS° show that the entropy contribution is always more favour­
able for the complexes of the macrocyclic ligands than for those of the non-cyclic 
ligands. Figure 1.11 shows that the enthalpy contribution is greatest for the 14 mem­
bered macrocyclic ring with Cu(II), and follows the sequence [14] > [13] > [15] > 
[12]. This follows the sequence of the relative strengths of the Cu-N interactions, 
and indicates that the enthalpy contribution to the macrocyclic effect is dependent 
on the matching of the size of the macrocyclic ligand aperture to that of the metal
Non-cydic 2,2,2-tot 2,3,2-tot 3,2,3-tot 3,3,3-tet
Cyclic • Non-cydic ■
Fig. 1.11 Formation param eters for the form ation o f C u2+ /  polyamine com ­
plexes.173
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ion. A reassessment of the macrocyclic effect for (Ni[14]aneN4)2+ 175 compared to 
Ni(2,3,2-tet)2+ showed that the enthalpy term was much lower than previously 
measured (ca. 22 kJ mol"1) and so brought this system in line with the theory that the 
entropy and enthalpy terms can both significantly contribute to the macrocyclic 
effect. The sequence of the chelate rings was also found to have an effect on the 
thermodynamics of complexation.174 It was observed that when unfavourable pre­
orientation is present (i.e. anything but 5,6,5,6-membered chelate rings for tetra- 
mines) the energy saving due to cyclisation is outbalanced by the formation of 
weaker and less exothermic Cu-N bonds with respect to analogous open-chain 
ligands. Thus, isocyclam (1,4,7,11-tetraazacyclotetradecane) has an enthalpy of for­
mation of -27.8 kJ mol"1 with Cu(II) at 25 °C, whereas cyclam has aH° = -32.4 kJ 
mol"1.
Hancock and Ngwenya also studied the effect of increase of chelate ring size 
on the stabilities of macrocyclic complexes.177 They measured the stabilities of four 
tetraaza macrocyclic complexes which consisted of three five-membered chelate 
rings plus a fourth chelate ring which varied regularly from five to eight members.
Figure 1.12 illustrates the trends observed, relative to the stability of the first 
ligand with each metal ion. They observed that the complex stabilities depended 
little on the size of the macrocyclic ring and that the main factor involved is the size 
of the chelate ring formed, the particular differentiation in stability being dependent 
on the size of the particular metal ion used.
Macrocyclic ring size effects in tetramines have also been investigated by 
Kodama and Kimum.98"102»104 They measured the equilibria of complex formation 
of 12,13,14 and 15 membered tetramines with Cu(II), Zn(II), Pb(II) and Cd(II) by
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177Fig. 1.12 Variation of log K with chelate ring size for N4 macrocyclic complexes.1
polarographic methods, as well as those of their non-macrocyclic analogues.
They observed that for the 12 membered macrocyclic complex with Cu(ll), the 
macrocyclic effect was due to a large positive entropy term which can be explained 
by the pre-orientation prior to chelation (a favourable ligand conformation); this 
outweighs the unfavourable enthalpy, which is probably a result of steric constraint 
in the complex. For the 13 membered macrocycle the entropy contribution to the 
stability of the Cu(II) complex is somewhat reduced, and the macrocyclic effect is 
now due to a combination of both enthalpy and entropy terms. The 14 membered 
macrocyclic complex also exhibits this combination of favourable terms. For the IS 
membered macrocyclic Cu(II) complex deciding which term makes the chief contri­
bution to the macrocyclic effect depends on which open-chain ligand it is compared 
to. If 4,8-diazaundecane-1,11-diamine is used for the comparison the significant 
term is the aH contribution. However, if 4,7-diazadecane-l,10-diamine is used, then 
the aS term becomes dominant. This illustrates the difficulty in finding macrocyclic 
and open-chain ligands which are closely analogous. In contrast to these results, the 
Zn(II) complexes of these macrocyclic ligands show little change in stability with ring 
size, and the macrocyclic effect, when compared to related complexes of open-chain 
tetramines, is always due to the favourable entropy changes.104
The Cu(II) complexes of triamine macrocycles show no macrocyclic 
effect,102*178 with a log for 1,4,7-triazacyclononane of 16.2, and that for 3-aza- 
pentane-1,5-diamine being 15.8. The reason for this is that a high degree of steric 
strain is present in the facially bound cyclic ligands; whereas the open-chain triamine 
bonds meridionally with no strain, this causes a very unfavourable enthalpy change, 
which cancels out the favourable entropy contribution from the macrocyclic ligand. 
In contrast, cyclisation in the Zn(II) complexes produces an increase in complex sta­
bility (log Kqjl -  113 for the macrocycle and log KCuL -  8.8 for the open-chain 
ligand). This is presumably because Zn2+ does not prefer a planar co-ordination 
like Cu2+ and so the enthalpy term does not suffer, allowing the entropy to become 
the dominant factor.
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With macrocyclic pentamines the Cu(II) complexes again show a macrocyclic 
effect, but in contrast to the tetramines the enthalpy term is dominant in determining 
the increased stabilities. Increasing the ring size decreases the stability of the com­
plexes, the entropy term for complex formation varying little (Table 130).
In the Zn(II) complexes the AS terms are wholly responsible for the increased 
stability of the macrocyclic systems with the enthalpy terms little affected by ring 
size, which is in contrast to the Cu(II) complexes, although the same trend of 
decreasing stability with increasing ring size is still observed. These differences must 
again reflect the different steric requirements of the two metals. These same trends 
are observed with the Cd(II), Hg(II) and Pb(II) complexes.178
Table 130
Stability constants, enthalpies and entropies of Cu2+/polyamine complex formation: 
aqueous solution, 25 °C, o = 0.2 mol dm*3:106
Ligand log K aH° (kJ mol'1) aS° (J K 1 m ol1)
[15]aneN5 283 -137.7 + 92.1
[16]aneNs 27.1 -136.8 + 58.6
[17]aneN5 23.8 -113.8 + 753
Introducing sulphur atoms into nitrogen donor macrocycles has the effect of 
reducing the stability of the metal complexes. The thermodynamics of complexation 
of a series o f cis- and irons- N2S2 donor macrocycles with varying ring size was stu­
died with Cu(II).179 All the ligands formed [MLJ2+ complexes, although the 12 
membered macrocycles and the open-chain ligand also formed hydroxo-species
[ML(OH)] +
i— i r a ,
o[ * * ]  L S HN-I r “]l-S  HN-J C D  CD
CH,-S HN-i 
CH.-S HN-I
1__ 1 i__ i U U
L* L9 U ° L*» L“ L“ L «
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Both cis- and trans- macrocycles displayed the trends previously observed for 
tetraaza macrocycles of maximum stability at 14 membered ligands. The cis- ligands 
are more stable than the trans- due to the higher stability of five membered chelate 
rings with two nitrogens (Table 131). The macrocyclic effect is due to a large 
entropy term, with a smaller contribution from a favourable enthalpy term, this can 
be seen by comparing the cis- 14 membered macrocyclic complex with the open- 
chain complex. This is also similar to the tetramine macrocyclic complexes.
With polythiaether macrocycles, where all the nitrogens are replaced by sul­
phur atoms, the Cu(II) complexes are even less stable than in the mixed species.180 
Maximum stability is again observed for the 14 membered macrocycle.
Table 131
Stability constants and thermodynamic parameters for Cu2+ complexes of L8*14
aqueous solution, 25 °C, a -  03 mol dm*3 (KNO3):179
Ligand log K -aH° (kJmol*1) aS° (J K*1 mol*1)
L* 143 59.4 72.8
L’ 12.0 39.8 96.6
L'° 16.0 66.1 83.7
L” 13.1 58.2 56.5
L« 10.6 - -
L“ 10.6 - -
Lu 11.4 57.7 24.7
The relative contributions of entropy and enthalpy are illustrated in Figure 
1.13. All the data can only be interpreted relative to each other as an unfortunate 
dependence on the perchlorate ion concentration was observed (due to perchlorate 
bonding to the metal ions), and was only resolved for the Cu([14]aneS4)2+ species, 
although the dependence was found to be very similar for all the different com­
plexes.181 The entropy of complexation is seen to decrease with increasing ring size,
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6Fig. 1.13 R ing  size effects for Cu2+ /  tetrathiaether complexes.180
with the [16]aneS4 complex being slightly anomalous. This is as expected since as 
the ring size increases greater loss of freedom will occur on complexation if all the 
complexes are of comparable rigidity. The entropy values for the tetrathiaether 
complexes are all much less than those of the tetraaza complexes, reflecting the 
importance of the ligand desolvation in the latter complexes. The enthalpy changes 
reflect the strength of the Cu-S bonding, with a minimum in enthalpy change for the 
Cu([14]aneS4)2+ complex. By comparison of the thermodynamic data for the open- 
chain ligand complexes with the [14]aneS4 complex, it can be shown that the macro- 
cyclic effect in the polythiaethers is controlled by the favourable entropy of complex­
ation.
Recently, Hancock and Martell182 published an excellent analysis of the che­
late, macrocydic and cryptate effects, in which they conclude that a number of fac­
tors contributed to the increased complex stabilities;
(1) pre-organisation of the ligand so that the donor atoms in the free ligand are 
correctly oriented prior to  complex formation,
(2) desolvation of the donor atoms in the sterically constrained spaces of the 
ligands,
(3) intrinsic basicity effects, such that greater basicity is induced in donor 
atoms as ethylene bridges are added to the ligands,
(4) and enforced dipole-dipole repulsion in the ligands, which is relieved on 
complexation.
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Chapter 2
The Kinetics of Complexation of 1,4,8,11-tetra-azacyclotetradecane and 
1,4,7-triazacyclo-nonane with Ni2 + , Co2+ and Cu2+ Ions in Dimethyl Sulphoxide 
Solution
2.1 Introduction
The kinetics of complexation of macrocyclic ligands with transition metals are 
reviewed in Chapter 1. The kinetics in aqueous solutions are significantly affected 
by protonation effects, which complicates the analysis of the rate data and the estab­
lishment of a proposed mechanism, and necessitates measurement of rate data over 
a range of pH. At low pH the protonated macrocycles are present which react 
extremely slowly. At high enough pH the macrocycles are present as the free 
ligands, and studies have been carried out under such conditions for this reason.93 
However, at high pH the metal ions are present as hydroxo species (e.g. [Cu(OH)3]* 
and [Cu(OH)4]2'  in 0.1 - 2.0 mol dm'3 NaOH), which will have different reactivities 
to  the hexaaquo species present in the mid-pH range. Indeed, in the case of tetraaza 
macrocycles reacting with Cu2+ at high pH the two different metal hydroxo species 
are proposed to react with different rate determining steps.93 Thus, different com­
plexities are introduced into the data analysis rather than simplification, and working 
with strong NaOH solutions is not at all convenient
Unprotonated macrocycles can be studied quite easily in aqueous solution at 
the normal pH range employed in kinetic studies by using the polythiaether macro­
cycles, which contain only S-donor atoms which do not protonate, and which are not 
as strongly solvated as the hydrogen-bonding tetraaza macrocycles. However, the 
lack of hydrogen-bonding means that the thiaether macrocycles are not veiy soluble 
in pure aqueous solvents and experimentally a mixture of solvents must be used. 
Rorabacher et al used a water/methanol mixture in their studies of the kinetics and
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thermodynamics of cyclic polythiaether complexations.121*130
If nitrogen donor macrocycles are to be studied then other methods must be 
used to avoid protonation and hopefully simplify the processes involved in complex­
ation. The simplest method is to carry out the kinetic studies in aprotic solvents, 
such as acetonitrile, dimethyl formamide and dimethyl sulphoxide,183*184 where pro­
tonation of the aza macrocycles cannot occur. A number of studies using these sol­
vents have been reported.55*94*95*113 An added advantage of this method is that 
hydroxo species of the metal ions will not be formed if pure, dry solvents are used. 
From previous work in these solvents the kinetics of complexation do indeed appear 
to be simpler in a dipolar aprotic solvent than in water. Studies under pseudo-first 
order conditions ([M2+] > > [L]) in dimethyl sulphoxide and dimethyl formamide 
have revealed two reaction steps. These consist of an initial fast step which is depen­
dent on the concentration of the metal ion, and a slower second step which is inde­
pendent of metal ion concentration. Investigations using CH3CN as solvent showed 
the presence of more than two steps in  some cases.95
All of the original work reported in this thesis has been carried out using dmso 
as solvent. In this chapter the studies concentrate on the complexation reactions of 
the N4-donor macrocycle 1,4,8,11-tetra-azacyclotetradecane (Cyclam) and the 
N3-donor macrocycle 1,4,7-tri-azacyclononane ([9]aneN3) with Ni(II), Co(II) and 
Cu(II). Attempts were made to establish whether the N4 and N3 macrocycles react 
via the  Eigen-Wilkins dissociative interchange mechanism, or if the steric constraints 
of the  cyclic ligands impose restrictions on the mechanism, perhaps causing the first 
chelate ring closure to become rate determining. If these ligands react via a dissocia­
tive interchange mechanism then the rates of reaction should be identical for the two 
ligands and should be the same as reaction rates for analogous open-chain ligands.
The reaction of Ni2+ with cyclam in dmso has already been studied55 and was 
repeated in this study. Reactions with other metals ions and studies of the N3 
macrocyclic ligand were made to extend the knowledge of the mechanisms of com­
plexation of these simple macrocyclic systems, which can then be used as the basis
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for the study of complexation reactions of pendent arm macrocycles (Chapter 3) and 
more sterically hindered macrocycles (Chapter 4).
2.2 Experimental
2.2.1 Materials and Syntheses.
Anhydrous Mn2+, Co2+, Ni2+, Cu2+ and Zn2+ dmso tetrafluoroborate salts 
were prepared from the commercially available hydrated metal tetrafluoroborate 
salts (Alfa-Inorganics) using an analogous procedure to the synthesis of the per­
chlorate salts.185
A fairly dry sample of the hydrated salt (ca. 2g), used as supplied, was dissolved 
in 25 cm3 of triethyl orthoformate (Aldrich) and stirred in a sealed Schlenk tube for 
2 hours under dry nitrogen. Dry dmso (ca. 5 cm3) was then added dropwise via a 
syringe to precipitate out the dmso solvates. The suspension was then left to stir for 
a further hour under nitrogen, before filtration to collect the solids. The product 
was then washed with a mixture of 9:1 dry ethyl ether and triethyl orthoformate. 
Recrystallisation was carried out using a minimum amount of a 9:1 dry nitromethane 
and dmso mixture. All products were then dried under vacuum or in sealed bottles 
in a dry nitrogen flushed glove-box.
Hydrated manganese(II) tetrafluoroborate was prepared by reacting manga­
nese metal (BDH) with fluoroboric acid (40%, BDH). After all the metal had dis­
solved the solution was filtered to remove any insoluble material, then all the solvent 
was taken off on a rotary evaporator to leave a pale pink solid. This was reciystal- 
lised from a minimum amount of water and dried under vacuum overnight. The hex- 
ahydrated tetrafluoroborate salt thus formed was then used to prepare the 
hexa(dmso) salt in the same way as for the other metals.
All the products were tested for water or tetrafluoroborate co-ordination by 
examination of their infra-red spectra (4000-200 cm*1), recorded as nujol mulls 
between NaCl plates. All products showed no sign of water or fluoroborate interfer-
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enee. The tetra-fluoroborate salts have a distinct advantage over the more 
frequently used perchlorate salts in that the former are not potentially explosive 
unlike the perchlorates.196 The tetra-fluoroborates have also been found to be even 
weaker co-ordinating anions than the perchlorates e.g. in Zn(MeOH)62+ solu­
tions.197
The solid complexes are generally held to have the same structures as their 
analogous perchlorate salts; [M(dmso)6][BF4]2 (for M = Mn, Co, Ni) and 
[M(dmso)4][BF4]2 (for M = Cu and Zn).185-188 The complexes were analysed by 
metal ion titration 198*199, Mn2 + ; calculated 7.9%, found 7.8%, Co2 + ; calculated 
8.4%, found 8.1%, Ni2 + ; calculated 8.4%, found 8.3%, Cu2+; calculated 11.6%, 
found 11.4%, Zn2+; calculated 11.7%, found 11.5%. The structures of the solvated 
cations in solution are however not as clearly defined. Certainly for Mn2+, Co2 + 
and Ni2+ all evidence points to the standard octahedrally solvated ion seen in many 
other solvents. For Cu2+ however both square planar189 and octahedral190'191 co­
ordination have been suggested. Taking into account the Jahn-Teller tetragonally 
distorted octahedral species found in other solvents the true structure probably lies 
somewhere in between the two suggested, with axially co-ordinated dmso molecules 
lying at long distances from the metal ion compared to the more strongly bound 
equatorial molecules. The most recent investigation suggests that the formation of 
[Cu(dmso)6]2+ is much less extensive than [Cu(dmso)4]2+,192 though both still exist.
For Z n 2+ the situation is even less clear cut. In methanol the solvation num­
ber of Zn2+ is reported to vary from six at low dilution to four at higher concentra­
tions.193 Since a low co-ordinate species may well react by an associative mechanism 
and a higher co-ordinate species by a dissociative mechanism it is clearly important 
to make the  distinction in interpretation of kinetic data. There is evidence that 
Zn2+ reacts by the standard Id mechanism in dmso,194 perhaps suggesting the higher 
co-ordinate species. However, there is significant evidence for the existence of 
complicating tetrahedral/octahedral conversions during reactions of Zn2+ in solu­
tion.195 Thus the question is still open to debate. It may be that there is more than
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one Zn2 + species present in solution thus giving the possibility of more than one 
reaction occurring with the same ligand.
All stock solutions were prepared using dry dmso. This was dried by refluxing 
the dmso (Fisons) under vacuum over calcium hydride for at least 1 hour, followed 
by vacuum distillation. Most dmso dried in this way was used immediately, but if not 
it was stored over 4A molecular sieves, previously activated by heating at 300°C in a 
stream of dry nitrogen in a fluidised sand bath for at least 5 hours.
The ionic strength of the solutions was kept constant at 0.1 mol dm3 by adding 
the appropriate amount of sodium tetrafluoroborate (Aldrich) which had been pre­
viously dried in an oven at 80 °C. Some solutions were prepared in a dry box under 
nitrogen without coming into contact with moist air and some were prepared quickly 
in air. No difference in data was observed with the solutions prepared under differ­
ent conditions. Indeed, previous kinetic studies carried out in dmso show little or no 
change in the results obtained upon addition of small amounts of water.56*62 How­
ever, for kinetic experiments carried out under nitrogen, all solutions were prepared 
in a nitrogen-flushed glove box.
The metal concentration of each metal solution was determined by direct titra­
tion of the solutions using edta.196*1"  The edta solutions used were all aqueous and 
each aliquot o f metal solution analysed (usually 5 cm3) was diluted with an equal vol­
ume of distilled water. This aided mixing of the edta solution and the metal dmso 
solution (fortunately dmso and water are miscible). Co2+, Ni2+ and Cu2+ solu­
tions were analysed using murexide (ammonium purpurate; Fisons) as indicator and 
aq. NH3/NH4CI as buffer. Mn2+ and Zn2+ were analysed using Eriochrome Black 
T (Solochrome Black) as indicator and aq. NHyNH4Cl as buffer.
The ligands used in the present study, namely cyclam and [9]aneN3 were pre­
pared using literature methods.200-202 Purity checks on these ligands were carried 
out using 1H  and 13C nmr in CDC13 solutions, and mass spectra.
*H nmr spectra were recorded on a 220 MHz CW. Perkin-Elmer R34 spec­
trometer. ° C  nmr spectra were recorded on a Bruker WH180 Fourier Transform
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spectrometer at 45.26 MHz. Infra-red spectra were obtained with a Perkin-Elmer 
580B spectrometer. UV-visible spectra of metal, ligand and complex solutions were 
obtained with either a Shimadzu UV-365 or a Philips-PU8700 spectrophotometer. 
Mass spectra were obtained on a Kratos MS80 spectrometer.
2.2.2 Kinetic Measurements.
The complexation reactions of the transition metal dmso solutions with the 
macrocycles in dmso solution were measured at various temperatures between 20°C 
(pure dmso freezes at 18.4 °C) and 40 °C using the stopped-flow method by follow­
ing the change in absorbance/transmittance with time. The wavelength at which 
each reaction was studied was determined by searching for a suitable change in 
absorbance upon complexation. A change from ca. 0.1 to 0.2 absorbance units was 
usually quite adequate to give clear results. However, since the equipment analysed 
the transmittance change, which is on a log scale, even smaller changes could be stu­
died as long as the change occurred close enough to "zero" absorbance. Thus, suit­
able concentrations of reactants had to be used which gave a measurable absorbance 
change at a suitable wavelength yet which produced a rate of reaction which was 
within the stopped-flow timescale. For studies in the ultra-violet region a deuterium 
light source was used, and in the visible region a tungsten light source.
Pseudo-first order kinetics were maintained throughout by ensuring that the 
concentration of the metal ion is in at least a ten-fold excess over the ligand, in the 
case of multidentate macrocyclic ligands this also ensures that only the 1:1 com­
plexes are being observed. In certain cases, more useful data can be obtained by 
maintaining the concentration of the ligand in excess of the metal56 particularly 
when two or more ligands can react with a single metal ion, however the time and 
expense involved in making macrocyclic ligands renders this approach impractical. 
Ionic strength was maintained at 0.1 mol dm*3 throughout the studies using NaBF4. 
However, small variations in ionic strength do not significantly affect the rates of 
reactions involving uncharged ligands, such as the macrocycles involved in these
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studies.
Typical concentrations were 25  x 10*4 - l x  10-3 mol dm3 ligand and 25  x 10*3 - 
2 x 10*2 mol dm3 metal. Studies were carried out by varying the metal concentra­
tions and keeping the ligand concentration constant. All first order data were fol 
lowed for at least 2 to 3 half-lives for best accuracy203 and each run was repeated at 
least 3 times, often more. Where required the infinity reading or "end point" was 
calculated using the method of Swinboume204 using a computer program specifically 
written for the analysis of stopped-flow data. All first order plots were linear for at 
least 3 half-lives.
The absorbance/transmittance data was collected by a photomultiplier tube 
and converted from analog to digital data to be analysed using an Apple II Europlus 
microcomputer. The program was designed to analyse data in a variety of forms 
including first order and consecutive first order fits using straight line and curve-fit 
routines.205 Metal concentration variation was analysed and temperature depen­
dence data was fitted to the Eyring equation on the same computer using a weighted 
linear least-squares analysis.206 All the errors quoted on rate constants are the stan­
dard deviations.
23  Results
23.1 The Complexation Reaction between Ni2 + and Cydam in dmso.
In a previous study of this reaction Kaden and Hertli55 followed the absor­
bance changes at 450 nm using the stopped-flow method. The same wavelength was 
employed in this study as it was found to be the point of optimum absor­
bance/transmittance change in the UV/visible region. Figure 2.1 shows the change in 
the electronic spectrum on mixing Ni2+ and cyclam solutions in dmso. The same 
range of metal concentrations was also used, 1-2 x 10"2 mol dm*3 (after mixing). 
However, Kaden and Hertli used a ligand concentration of 3-4 x 10*4 mol dm*3, 
which certainly ensures pseudo-first order conditions, but only produces a very small
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Fig. 2.1 Electronic spectra of Ni2 + and Cyclam in dmso.
change on mixing, at 4S0 nm. For more accurate results, whilst still maintaining 
pseudo-first order conditions, a ligand concentration of 1 x 10"3 mol dm '3 (after mix­
ing) was used in this study. In agreement with previous studies in dmso a two step, 
consecutive first order process was observed. Figure 22  shows a typical stopped- 
flow trace. The two steps are clearly observable, the first step proceeding via an 
increase in absorbance and the second by a decrease in absorbance. Kaden and 
Hertli described the intermediate as possessing a lower molar absorption coefficient 
than the product at this wavelength, but the present results show that the opposite is 
true. The authors did not publish any data to corroborate this point and so the dif­
ference cannot be commented on. The rate of the initial step is easily measurable by 
studying the absorbance change over a suitably short time (in this case, 0.15 s). The 
observed rate constant (kobs) was determined from the slope of a plot of ln(At - A*,) 
vs. time. All plots were straight lines, showing first order kinetics, e.g. see figure 2.3. 
Between 3 and 14 values of k ^  at each metal concentration and each temperature 
were obtained. The initial fast step in the kinetics was found to have a first order 
dependence on the metal concentration. A plot of k ^  vs. [Ni2+] (figure 2.4) shows 
a straight line of gradient kf (bimolecular rate constant) according to the equation 
for pseudo-first order kinetics; K ^  = kf [M2+] + kd. The dissociation rate con­
stant (kd) was experimentally indistinguishable from zero in this study.
The value of kf at 25 ± 0.1 °C determined from this study was 1617 ± 02  dm3 
mol'1 s'1, which agrees well with the value of (1.6 ± 0.1) x 103 dm3 mol' 1 s*1 obtained 
by Kaden and Hertli, and shows the greater accuracy involved in the present study. 
The activation parameters for this process were obtained from an Eyring plot using 
values of k ^  measured at different temperatures for a given metal concentration 
(see figure 2.5). The derived activation parameters for the first step were aH# =
49.3 ± 12 kJ mol'1 and aS# *  -17.6 * 4.0 J  K*1 mol' 1 at 25 °C. Again these agree 
well with the values of Kaden and Hertli who obtained aH#  = 47 ± 5 kJ mol*1 and 
aS# -  -25 ± 17 J  K' 1 mol'1, and again show the greater accuracy in the present 
study.
-63-
Fig. 2.2 Typical stopped-flow trace for the reaction of Ni2+ and cyclam, top 
trace shows digitized data, bottom trace shows direct transmittance data.
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The second step of the reaction could also be followed by studying the absor­
bance change over a suitable time. Thus, values of could be obtained in the 
same way as for the first step, by following the reaction over 10 s (the data showing 
first order plots of ln(A, - A .)  vs. time), though the smaller absorbance change gave 
less accurate results. The accuracy of the k ^  values for the slower second step 
could be improved by fitting the whole data set to consecutive first order kinetics by 
a non-linear least square fit using the Newton-Gauss algorithm207 (see figure 2.6). 
Both methods gave comparable results, and so a combination of the methods were 
used to obtain the final values of k ^ .  The observed rate constants of the second 
step were found to be independent of the metal concentration, which is in agreement 
with previous studies in these systems. The rate constant for the second step was 
found to be 0.531 ± 0.016 s' 1 at 25 °C. This differs greatly from the 2.3 ± 0.2 s'1 
quoted by Kaden and Hertli. The new value is preferred in this study as it is much 
more in keeping with the values obtained for similar reaction steps measured pre­
viously in dmso and dmf, which are much slower than Kaden and Hertli’s fig­
ure.94*113 The small absorbance change and low k ^  values for the second stage did 
not facilitate measurement of activation parameters for this step. All rate data 
obtained from these studies are listed in Appendix 1.
2.3.2 The Complexation Reaction between Ni2+ and [9]aneN3 in dmso.
The effect on the electronic spectrum of mixing Ni2+ with [9]aneN3 solutions 
under pseudo-first order conditions is shown in figure 2.7. The point of optimum 
absorbance change was considered to be at 644 nm. The same concentrations of 
Ni2+ and ligand as used for the cyclam study were employed here (see 23.1). Simi­
lar stopped-flow traces were obtained, with a two step, consecutive first order reac­
tion observed. The first stage was followed over 0.2 s, and the second over 10 s. 
Analysis as before gave a value of kf »  1747 ± 2 dm3 mol'1 s*1 for the initial, metal 
dependent step at 25 °C (figure 2.8), with activation parameters of aH #  *  35.4 ± 1.6 
kJ mol*1 and nS# -  -643 ± 5J2 J  K' 1 mol' 1 at 25 °C (figure 2.9), the dissociation rate
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Fig. 2.7 Electronic spectra of Ni2 + and [9]aneN3 in dmso.


being experimentally indistinguishable from zero. For the second, metal indepen­
dent step kobs was determined as 0.4904 ± 0.0088 s*1 at 25 °C. As in the cyclam 
study, the small absorbance change in this step did not facilitate a study of the activa­
tion parameters on the stopped-flow apparatus (see Appendix 1 for rate data).
2 3 3  The Complexation Reaction between Cu2+ and Cyclam in dmso.
The optimum absorbance change on mixing was considered to be at 526 nm, 
and so the kinetics of reaction were studied at this wavelength, though the results 
were checked at other wavelengths to make sure no other reactions were occurring 
which may have been missed at this wavelength (figure 2.10). The concentrations 
used were 5 x 10*4 mol dm*3 cyclam and 5-15 x 10*3 mol dm*3 Cu2+. Yet again, a 
two stage, consecutive first order process was observed, but this time the second step 
involved a large increase in absorbance (figure 2.11). The first step was followed 
over 0.1 s and kf was calculated as 5476 ± 23 dm3 mol*1 s*1 at 25 °C (figure 2.12) with 
activation parameters of aH#  =  46.0 ± 13 kJ mol*1 and AS# =  -19.0 ± 4.3 J K*1 
mol*1 (figure 2.13). The dissociation rate was indistinguishable from zero. The 
slower, metal independent step was followed over 100 s and gave a rate constant of
0. 0630 * 0.0009 s*1 at 25 (± 0.1) °C. This time, the large absorbance change 
observed for the second step allowed a study of the dependence of the rate constant 
on temperature. The activation parameters are aH#  = 52.5 ± 2.1 kJ mol"1 and aS# 
= -92.3 ± 7.1 J K*1 mol*1 at 25.0 °C (figure 2.14). Rate data are listed in Appendix
1.
23.4 The Complexation Reaction between Cu2+ and [9]aneN3 in dmso.
With [9]aneN3 similar reactant concentrations to the Cu2+/cyclam study were 
used, with 4 x 10*4 mol dm*3 [9]aneN3 and 4-13 x 10*3 mol dm*3 Cu2+. This time, the 
reaction was followed at 610 nm (figure 2.15) and at this wavelength the two stage 
reaction observed involved an initial increase, followed by a decrease in absorbance. 
Following the first step over 0.1 s at 25 °C over a range of Cu2+ concentrations gave
Fig. 2.10 Electronic spectra of Cu2+ and cyclam in dmso.
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Fig. 2.11 Typical stopped-flow trace for the Cu2+ / cyclam reaction, top trace shows 
digitized data, bottom trace shows direct transmittance data.
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Fig. 2.15 Electronic spectra of Cu2+ and [9]ane N3 in dmso.
a bimolecular rate constant of 6728 ± 33 dm3 mol' 1 s' 1 (figure 2.16), with a dissocia­
tion rate indistinguishable from zero. A temperature dependence study showed that 
the first step had activation parameters of aH #  = 42.5 ± 1.3 kJ mol' 1 and aS# = 
-29.2 ± 4.5 J K' 1 mol' 1 at 25 °C (figure 2.17). The second stage was followed over 10 
s and was found to be independent of the Cu2+ concentration, with a rate constant 
of 0.3904 ± 0.0072 s*1 at 25 °C. A variable temperature study on the second stage 
did not give reproducible results and so was not pursued. The rate data are listed in 
Appendix 1.
2.3.5 The Complexation Reaction between Co2+ and Cyclam in dmso.
Co(cyclam)2+ is known to be extremely oxygen sensitive in aqueous solution, 
and the kinetics and mechanism of this process have been studied (see section 2.4 for 
a discussion of this).208*210 Likewise, in dmso solution the complex was found to be 
extremely air sensitive and so all the solutions were deoxygenated before use. Fig­
ure 2.18 illustrates the changes in the electronic spectrum on mixing solutions of 
Co2+ and cyclam in deoxygenated dmso under pseudo-first order conditions and 
also the effect of exposing the solution to the air. The kinetics were followed at 400 
nm in the absence of oxygen using 2.5 x 10"4 mol dm '3 cyclam and 2.S-7.5 x 10*3 mol 
dm*3Co2+ solutions.
A two step, consecutive first order process was again observed, but this time a 
third step was seen to interfere with the second step (figure 2.19). This third process 
involved a very large and slow absorbance increase similar to that seen when the 
deoxygenated solutions were exposed to the air, thus this third stage of the reaction 
is likely to be the reaction of the product and/or intermediate with traces of oxygen 
remaining in the stopped-flow apparatus (see section 2.4). The initial stage was fol­
lowed over 0.04 s and was seen to have a first order dependence on the Co2+ con­
centration, with a bimolecular rate constant o f 29418 ± 44 dm3 mol' 1 s' 1 at 25 °C 
(figure 2.20), with a dissociation rate indistinguishable from zero. The activation 
parameters of this process are aH# «  33.7 ± 0.9 kJ mol*1 and aS# = -46.2 * 2.9 J
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Fig. 2.18 Electronic spectra of Co2+ and cyclam in dmso.
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Fig. 2.19 Typical stopped-flow traces for the Co2+ /  cyclam reaction.

K '1 mol-1 at 25 °C (figure 2.21). The second stage was extremely difficult to follow 
due to the interference from the third stage, though curve-fit data suggested a value 
° f  kobs ca. 0.4-0.5 s '1. The third stage did not fit to first order kinetics when fol­
lowed over 500 s (figure 2.22), and so an analysis of the data was carried out assum­
ing second order kinetics and fitting to the equation;
ln(l + V [A ]0 [A0 - A ./A ,- A .]) *  In [By[A]0 +  A ^ t
where [B]0 -  [CoL2+]0 ca. US x 1(H mol dm 3
[A]0 = [OJo ca. 1 x 1(H mol dm*3 •
^ o - [ B ] 0 - [A )0
From straight line plots of time vs. ln(l + 1.5{A0 - A ^/A, - A* }) the data are 
seen to obey second order kinetics (figure 2.23), with a rate constant of ca. 7.5-9 x 
105 dm3 mol*1 s*1, which compares well with the measured value of (5.0 ± 1.5) x 105 
dm3 mol*1 s'1 for the same reaction in water208 at 25 °C. The rate data are listed in 
Appendix 1.
• - If second order kinetics are present for the third stage then the concentra­
tion of oxygen must be in the order of the concentration o f the complex formed in 
the initial stages of the reaction (ca. 2.5 x 10*4 mol dm*3 assuming the reaction goes 
to completion). Air-saturated water is 2.58 x 10*4 mol dm*3 at 25 °C.211 Thus, the 
oxygen concentration is likely to be less than the complex concentration and so ca. 1 
x 10*4 mol dm*3 seems a reasonable estimate.
2.3.6 The Complexation Reaction between Co2*** and [9]aneN3 in dmso.
Unlike Co(cyclam)2+ the product of the reaction studied here is not air sensi­
tive and so no complicating reactions with oxygen were observed. The reaction was 
studied at 360 nm under the same conditions as used in the Co2+/cyclam study 
(2.3.5). Figure 2.24 shows the electronic spectra of the reactants before and after 
mixing. The two step, consecutive first order kinetics were again observed. The ini-
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Fig. 2.24 Electronic spectra of Co2+ and [9]aneN3 in dmso.
tial step was followed over 0.04 s and the bimolecular rate constant was calculated to 
be 31306 ± 401 dm3 mol-1 s*1 at 25 °C (figure 2.25), with no detectable dissociation 
rate. The activation parameters are aH# = 39.030 ± 0.399 kJ mol"1 and aS* = 
-28.134 ± 1311 J K 1 mol' 1 at 25 °C (figure 2.26). The second step is very slow and 
difficult to measure accurately. Curve-fit data indicate that the first order rate con­
stant for this process is ca. 3 ± 1 x 104 s '1. All rate data are listed in Appendix 1.
2.4 Discussion
All the reactions were studied under pseudo first-order conditions, and showed 
consecutive first-order kinetics of the type;
By studying the variation in the observed rate constants (kj, k2) with the con­
centration of excess metal ion it was deduced that in all cases the reactions displayed 
an initial rapid process which was directly dependent on the concentration of the 
metal followed by a second, slower process which was independent of the metal con­
centration.
M2+ +  L —> int Products
(M2+ =  Cu2+,Co2+,Ni2+;L  -  cyclam, [9]aneN3; int — intermediate;
k f  >  >  k in ,)
The first step is first-order in [M2+] and [L], and the second step is first order 
kinetics overall. No reverse reactions were observed and thus the reactions are con­
sidered as going to completion, with no equilibria detectable. The calculated rate 
constants for the reactions between divalent metal ions and the macrocyclic ligands 
cyclam and [9]aneN4 are collected in Table 2.1.
With both ligands the initial rate constant (kf) decreases in the order 
-68-

ln
(k
t/T
)
kc0 > kcu > kNi which parallels the rate of exchange of solvent molecules for these 
ions with solvent in dmso.
Table 2.1
Measured Rate Constants for the Reaction of various Macrocyclic Compounds with 
Labile Transition Metals, dmso, T = 25.0 °C, n = 0.1 mol dm-3, for errors see 2.3.
Ligand Metal kf kint
dm3 mol' 1 s' 1 S'1
Cyclam Ni2+ 1620 0.53
Co2 + 29418 •
Cu2+ 5476 0.06
[9]aneN3 Nl2+ 1747 0.49
Co2+ 31306 ca.3 ± lx  10"4
Cu2+ 6728 039
• - not measured, see 23.5.
Similar biphasic processes have been observed before for divalent transition 
metals reacting with macrocyclic ligands in non-aqueous solvents, e.g. substituted 
cydams with Ni2+ in CH3CN,95 cyclam and tmc with Ni2 + in dmso and dmf,55 
methylated cyclams with Ni2+ and Cu2+ in dmf94 and N2C>2 macrocycles with Ni2+ 
in methanol.123 The data for the reaction between Ni2+ and cyclam shown here in 
dmso is a repeat of a previous study made by Kaden and Hertli.55 The value of kf 
obtained by Hertli and Kaden, (1.6 ± 0.1) x 103 dm3 mol'1 s' 1 compares very well 
with our measured value. The previous authors report a value of 23  ± 0.2 s*1 for 
kiat, which is over 4 times larger than our measured value. Since a higher concentra­
tion of ligand and therefore a stronger absorbance change was employed we believe 
it to be a more reliable figure. Also, the smaller value is in keeping with all other 
reported values for these types of reactions over a range of solvents, the highest 
reported value being 0.92 s' 1 at 25 °C for an N2O2 macrocycle reacting with Ni2+ in
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methanol.123 Another difference from Kaden’s results is that he reports that the 
intermediate possesses a lower molar absorptivity than the end product. However, 
figure 2.2 shows that our results indicate that the intermediate has a higher molar 
absorptivity than the end product. No explanation can be given to account for these 
differences, but the agreement between the rate constants and the activation par­
ameters for the initial step is clear (see later).
Kaden55 suggested that macrocydic ligands reacted via the Eigen-Wilkins 
mechanism in non-aqueous solvents, a conclusion which was also reached by Hay 
and Norman.95 F or the reactions of cyclam and [9]aneN3 with Co2+, Ni2+ and 
Cu2+ to conform to this mechanism they must obey the equation;
kf = n Kqs kex (see 1.2)
where k „  -  Nc .lt„'
and Nc  = co-ordination number of metal ion.
and kex! = first-order rate constant associated with the exchange of a single 
solvent molecule.
The formation rate constant (kf) in this equation must be equivalent to the rate 
constant for initial metal attachment (previously denoted as kf in Table 2.1). "n" is 
the statistical factor describing the probability that a ligand in the outer-sphere com­
plex replaces a dissociating solvent molecule. Previous work on reaction mecha­
nisms in dmso have shown that the solvent has a large role to play in the value of "n". 
The high donor ability212 of dmso compared to water may slow down the reaction 
process by competing with the ligand for the vacant co-ordination sites left by disso­
ciating solvent molecules, even to the extent of shifting the rate determining step 
from first bond formation to first chelate ring closure in m ultidentate 
ligands.62*64'213 Langford60 originally proposed that "n" depended on the number of 
sites in the second co-ordination sphere, and suggested values of 0.1-0.2. Nichols and 
Grant have published the clearest data for the value of "n" for substitution reactions 
in dmso for a range of charged and uncharged, mono- and multidentate ligands 
reacting with Ni2 + .56 They found that "n" was independent of the nature of the
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ligand and ranged from 0.2-0.5 for most reactions.
The value of is very dependent on the type of solvent used as the reaction 
medium, and can be calculated using the Fuoss equation (see 1.2). The centre-to- 
centre distance between the metal ion and the nearest donor atom of the ligand must 
first be determined in order to calculate K^. For uncharged ligands in dmso values 
of this distance (a) have been suggested to lie between 6 and 7 A. Nichols and 
Grant56 used ionic strength dependence data for the reaction between Ni(II) and 
dithiocarbamate ions to  calculate a value of 6 A for "a". Petrucci et al213 used con­
ductance data for the Ni(dmso)62+, NCS* ion pair to estimate a value of 6.1 A, while 
molecular size parameters were used to give an estimate of 7 A.57 This range of val­
ues of "a" produces a range of KM values of 0.55-0.86 dm3 mol*1. Taking into 
account the increased van der Waals radius for a hexadmso ion compared to a hex- 
aaquo ion ("a" is normally taken as 4 A for water)51 in an analogous way to Pearson 
and Ellgen for methanol54 we prefer the value of 6 A, giving = 0.55 dm3 mol*1.
The value of k^ 1 will depend on the particular metal ion and must be meas­
ured independently. Unfortunately, the values of k^1 for Ni2+, Co2+ and Cu2+ in 
dmso have long been an area of considerable confusion, with much conflicting data 
being published. Most research has concentrated on [Ni(dmso)6]2+. The earliest 
reports of kcx for this species used nmr methods but since the protons are well 
away from the point o f  co-ordination in these ions (the O atom of dmso) the data 
obtained are in significant error.215"21813C nmr was used to better effect.56 170  nmr 
must surely be the most sensitive method in this respect and recent work219 pro­
duced the largest value yet for kex*. However, in view of other work an approximate 
value of k ^  will be taken as 1 x 104 s*1 at 25 °C with AH# ca. 50 kJ mol*1 and AS# ca. 
0 J K*1 mol*1. Less attention has been focussed on Co2+ and Cu2+. k ^  for Co2+ is 
in the region of 1.7 x 105 s*1 at 25 °C with aH# ca. 40 kJ mol*1 and aS#  ca. 1.6 J  K*1 
mol*1.97 For Cu2+ the only published data suggest a value of 7.95 x 103 s*1 with 
aH#  = 30 kJ mol*1 and aS# = -57 J  K*1 mol*1 at 25 °C,190’191 which seems excep­
tionally low in view o f the trends in solvent variation on metal exchange rates for
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other divalent metals.97 For Ni2+ and Co2+ the solvent exchange rates in dmso are 
only an order of magnitude less than those in water, but if the reported Cu2+ figure 
is correct then the exchange rate for Cu2+ in dmso is greater than five orders of 
magnitude less than for water. No other divalent first row transition metal displays 
this behaviour and it is tempting to dismiss the data as being in considerable error. 
Indeed the data were obtained using 1H nmr techniques which are known to be 
insensitive for this kind of work and metal nitrate complexes were employed; nitrate 
ions are known to co-ordinate to metal ions and affect exchange rates (though such 
co-ordination should increase the exchange rate). However, none of these can 
explain such a large difference in the dmso exchange rate for Cu2+ compared to 
H20  and so in the absence of any other data the value reported by Vigee et al must 
be used for our calculations. In its favour Vigee et al observed two exchange rates 
for Cu2+ in dmso with the value quoted above corresponding to exchange of the two 
relatively labile axial solvent molecules in the Jahn-Teller distorted Cu2+ species; 
exchange of the equatorial molecules was only observable at temperatures above 100 
°C. This behaviour is consistent with that observed by Swift and Connick in their 
original studies on the rates of water exchange on Cu2+.220
Table 2.2
Calculated values for n, using the Eigen-Wilkins equation
(see text), 25 °C, dmso.
Metal K .' kf n
s*1 dm3 mol*1 s*1
Ni2+ 1 x 10* 1620(Cyclam) 0.049
1747([9]aneN3) 0.053
Co2* 1.7 x 10s 29418(Cydam) 0.052
31306([9]aneN3) 0.056
Cu2+ 7.95 x ltf> 5476(Cydam) 0313
6728([9]aneN3) 0385
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Thus, having established values of n, and kex‘, assuming the reactions fol­
low the Eigen-Wilkins mechanism as previous studies suggest, we can calculate val­
ues for n, the statistical factor, for the reactions of the macrocyclic ligands with 
Co2 + , Ni2+ and Cu2+ (Table 2.1). The calculated values are tabulated in Table
2.2.
For the reactions of Ni2+ and Co2+ with the macrocyclic ligands the values of 
n calculated using the Eigen-Wilkins equation are veiy similar and are ca. 0.05. This 
relatively small value of n reflects the bulk of dmso molecules, which leaves a rela­
tively small hole in the inner-sphere of the metal ion upon loss of a single solvent 
molecule, and is attributed to  steric hindrance to first bond formation. This is in line 
with the observed negative values of aS# which are expected when the probability 
factor, P, is small, in the collision theory equation, k = (PZ)e"E/RT (Z = collision 
frequency). A low A-factor (A = PZ) gives rise to a negative value of aS#  (see 
later. Table 23). For the Cu2 + reactions the value of n is > 03, which is ca. 6 times 
greater than the values for Ni2+ and Co2+, this may well reflect the error in the 
value of kpj,1 used in the calculations (see earlier). Assuming that n for the Cu2+ 
reactions is also ca. 0.05 we can thus calculate a new value for kcx! for Cu2+, a calcu­
lation of this sort gives kex! =  5.6 x 104 s'1, which is larger than the reported figure 
though still seems quite low compared with the exchange rate of Cu2+ in other sol­
vents.97
Further evidence that the reactions obey the Eigen-Wilkins interchange mech­
anism is that the two different macrocyclic ligands have very little effect on the rate 
constants for the initial stage of the mechanism. This would be expected for the 
mechanism since the rate determining step is loss of a solvent molecule and so will 
be independent of the ligand structure.
Another indication that the reactions follow the dissociative interchange mech­
anism is seen in the activation parameters, which are displayed in Table 23.
According to the Eigen-Wilkins mechanism the activation enthalpy for the 
ligand substitution process (&Hf*) will be equal to the sum of the activation enthalpy
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for the solvent exchange reaction (aHcx#) aYid the enthalpy of formation of the out­
er-sphere complex (aHqj0);
AHf# -  aHm° + aH „ #
Since for uncharged ligands aH^0 will be close to zero the activation enthalpy 
for the reaction should equal the activation enthalpy for solvent exchange if the 
mechanism is obeyed. The activation enthalpies for dmso exchange on Ni2+, Co2+ 
and Cu2+ are ca. 50,40 and 30 kJ mol'1 (at 25 °C) respectively.
Table 23
Activation Parameters for the reactions in Table 2.1 
in dmso, 25 °C, ti = 0.1 mol dm-3, for errors see 2.3.
Ligand Metal aH ^ ASf# AGf#
kJ mol-1 J K*1 m ol1 kJ mol"
Cyclam Ni2+ + 49.3 -17.6 + 54.2
Co2* + 33.7 -46.2 +47.5
Cu2 + + 46.0 -19.0 +51.7
[9]aneN3 Ni2* +35.4 -643 + 54.1
Co2* + 39.0 -28.1 +47.4
Cu2* + 42.5 -29.2 + 50.7
These values compare reasonably well with the data in Table 2.3 (considering 
the uncertainty in the solvent exchange values) and again suggest that the Eigen- 
Wilkins mechanism is operative.
For the cyclam reactions the order of the initial rate constants (kf) decreases in 
the order kf(Co2+) >  kj(Cu2+ ) > kj(Ni2+), paralleling the order of decreasing sol­
vent exchange rate constant as would be expected on the basis of the Eigen-Wilkins 
mechanism. The activation enthalpies for this process increase in the order 
aH#(Co2+) < aH#(Cu2+) <  AH#(Ni2+) and the activation entropies increase in 
the order aS#(Co2+) < aS# (Cu2+) < AS#(Ni2+). Thus, the rates of substitution
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are controlled by the enthalpies, with the entropies actually opposing the order. The 
most favourable enthalpy (AHf# =  33 kJ m ol1 for Co2+) is coupled to the least fav­
ourable entropy (ASf# = -46 J K ' 1 mol*1), showing the dominance of the enthalpy in 
the kinetics. The loss in ligand entropy on forming the activated complex outweighs 
the entropy gain due to dissociation of a dmso molecule from the metal ion (and/or 
from the solvated ligand), thus producing negative entropy of activation values for 
all the reactions. In linear polyamines this is indicative of an unfavourable ligand 
configuration.221
In the reactions of the smaller [9]aneN3 ligand the activation enthalpy is more 
favourable in each case compared with the cyclam reactions, whereas the activation 
entropies are less favourable for each metal ion. These contributions largely cancel 
each other out, though the free energy of activation for the [9]aneN3 systems are 
slightly smaller, producing slightly quicker reactions in the case of the smaller 
macrocycle. This again shows the dominance of the enthalpy terms. It is not unex­
pected that the N3 macrocycle has less favourable entropy contributions in activation 
since it is rather more rigid in its co-ordination requirements in comparison to the 
larger and more flexible cyclam ligand.
Thus, the favourable enthalpy terms are governed by the dissociation of the 
first solvent molecule from the metal ion in accordance with the Eigen-Wilkins 
mechanism. The unfavourable ligand configurations of the macrocyclic amines con­
trol the entropy terms, producing adverse contributions. There are no large differ­
ences between the activation entropies of the reactions and so they are likely to 
involve the same metal co-ordination numbers, at least during the initial rapid pro­
cess.
As to the nature of the intermediates formed in each reaction we cannot be 
sure of the details using only the limited data given here. Since no dissociation rate 
was observed under the conditions employed in measuring the reaction kinetics we 
can be fairly sure that the intermediates do not involve only single metal-to-ligand 
bonds and probably do not involve only two bonds as the low stability of such species
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would surely be indicated by the presence of a back reaction in the initial metalation 
step. Thus, the intermediates are likely to contain the ligand bound to the metal ions 
via three or four donor atoms. In the case of the [9]aneN3 ligand this would involve 
full co-ordination, whereas for cyclam it may involve only three metal-N bonds, 
though again full co-ordination is more likely as the co-ordination of the final 
nitrogen would undoubtedly be much quicker than is observed in the second, slower 
stage of the reactions due to the well established solvent labilising effect of nitrogen 
donor atoms, here already bound to the metal.68 Kaden55 suggests that the cyclam 
already exhibits square planar co-ordination on Ni2+ from electronic spectra consid­
erations, though the possibility of a  folded structure in the cyclam intermediates can­
not be ruled out. Indeed, there is already evidence that macrocycles react with metal 
ions via folded intermediates126»222 and also that dissociation of macrocyclic com­
plexes proceeds via folded species.14
The slower, first order process thus probably involves some kind of rearrange­
ment within the co-ordination sphere of the metal of the already fully co-ordinated 
macrocycle to form the final, thermodynamically stable complex. The intermediate 
is likely to be a thermodynamically unstable analogue of this final complex and the 
rearrangement may well involve inversion of one or more of the nitrogen centres to 
a more stable orientation or to a mixture of isomers. This explanation is also used 
for the similar reaction step in the reaction of Ni2+ with cyclam in acetonitrile95 
where the process was found to be  accelerated by base, as are the isomerisations of 
previously characterised intermediates.144 This interpretation is consistent with the 
observation that the rate constant for this process is independent of the metal ion 
concentration.
No correlation between the rate constants (lq^) and the metal-ligand species is 
observed, indicating the complexity of this process. In one case (the reaction of 
Cu2+ with cyclam) the activation parameters for the second step could be measured 
(AHint# =  52 kJ mol'1, ASint# =  -92 J  K' 1 mol' 1 at 25 °C) and show both an unfav­
ourable enthalpy and entropy, which combine to slow the rearrangement consider-
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ably.
For the Ni2+/cyclam reaction the product formed is almost certainly a mixture 
of square planar and tetragonally distorted octahedral species which are in rapid 
equilibrium with one another.
Ni(Cydam)2+ + 2S Ni(Cyclam)(S)22 +
(low spin, diamagnetic, yellow) (high spin, paramagnetic, blue)
S = co-ordinating solvent molecule
Such equilibria have been observed in a whole range of co-ordinating solvents, 
including dmso. Fabbrizzi223 showed that 29% of the trans-isomer of the octahedral 
species was present in aqueous solution at 25 °C. Since then a number of structural 
and thermodynamic studies have appeared on the subject.224«225 The final stage of 
the complexation reaction must surely involve this process. Billo226 prepared the 
cu-isomer of Ni(cyclam)(H20 )22 + and studied the kinetics of its isomerisation to 
the /ra/u-species. The violet c«-isomer isomerises only slowly, at pH 3 the half-life 
for the process is 250 days at 25 °C. Billo concluded from his work that the 
cw-isomer is a likely intermediate of both formation and dissociation reactions of 
Ni(cydam)2+. Hay and Norman95 observed a third step in the complexation reac­
tion between Ni2+ and cyclam in CH3CN, which they attributed to interconversion 
of the planar and octahedral spedes. No such process was observed in our studies 
and thus the second stage is likely to involve interconversions between the folded 
ci's-isomer and the frara-octahedral and square planar species. This suggests a very 
complex set of processes and would explain the lack of correlation in the rate con­
stants for the second step in all the metals studied. The other metals probably react 
via folded intermediates also, but no octahedral/planar equilibria are expected, thus 
simplifying the kinetics for the second step with Co2+ and Cu2+.
A simplified mechanism for the complexation process of Ni2+ with cyclam is 
shown in Scheme I. In this case the initial rate constant, kf, would equal the sum of 
the rate constants k, and k^ although the relative rates are impossible to establish 
with the data obtained. The second, slower stage of the reaction can thus be seen to
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Scheme I Mechanism for the complexation of Ni2+ with cyclam in dmso.
stable
be a complicated mixture of processes, again defying serious kinetic treatment using 
the measured data. The reactions with Co2+ and Cu2+ are likely to proceed in an 
analogous manner, though the mechanism may be slightly simplified as no octahe- 
dral/planar equilibrium will be present in the final stages of the reaction. The mech­
anism for the [9]aneN3 complexation will also be simpler, as no folded intermediates 
can be present. Thus, the mechanism for metalation is possibly;
The 1:1 complex was formed in all cases (under conditions of [M2*] > >
[L]).
For the complexation reactions of Cu2+ the mechanisms will almost certainly 
involve initial attack at an axial site on the tetragonally distorted ion species (since kf 
correlates to kex(axial) - see earlier). From previous work with tetragonal aqua 
Cu(II) species93»222 the next step must be rapid Jahn-Teller inversion to place the 
substituted ligand in the equatorial plane.
u n s ta b l e stable
II
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This process will occur with both cyclam and [9]aneN3 complexations.
The second stage of the reaction between Co2+ and cyclam could not be meas­
ured as a third step interfered greatly. This process involved a large change in 
absorbance (see Figures 2.20 & 2.21) and was discovered to be the reaction of 
Co(cyclam)2+ with dioxygen (see 2.3.5). As soon as the product of complexation is 
formed traces of oxygen in the stopped-flow apparatus immediately scavenged these 
species to form ¿¿-peroxo-b ridged dimers.
The kinetics of formation and decomposition of such species has been the sub­
ject of intense study210 and the systematic study of the reactions of many Co(II) 
macrocyclic compounds with dioxygen has been carried out208-209 to determine the 
effect of ring size and ligand structure on these reactions. Details of the mechanism 
of reaction of Co(cyclam)2+ with Oz are given in references 208 and 209.
In conclusion the reactions of Co2+, Ni2+ and Cu2+ with cyclam and 
[9]aneN3 proceed via an initial rapid step, which follows the Eigen-Wilkins mecha­
nism, followed by a subsequent slow rearrangement step to the final thermodynami­
cally stable product. More detailed structural information could be obtained for the 
intermediates by rapid scanning UV/visible spectrophotometry to determine the 
electronic spectra of these species. The stopped-flow nmr technique219 could be 
used to follow the changes in solvation as the reactions proceed.
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Chapter 3
Rates and Mechanism of Co-ordination of Labile Transition Metal Ions with 
Tri- and Tetra-aza Macrocycles Functionalised with a Single Pendent Co-ordinating 
2,2’-Bipyridyl-6-yl-methyl Arm.
3.1 Introduction
The introduction of additional ligating groups into macrocyclic ligands in the 
form of pendent co-ordinating arms has received a good deal of attention in recent 
years. This is because functionalisation at N- or C- atoms in azamacrocycles can 
modify the properties of the macrocycle. The effect may be a change in solubility, if 
hydrophilic groups like sulphonates or carboxylates are used, or an increase in metal 
ion binding specificity. By introducing pendent arms with hard donor atoms such as 
oxygen onto an azamacrocycle the ligand can thus bind alkali and alkaline earth met­
als. Thus, the ligand 1,4,7,10-tetraazacyclododecane-N,N’,N”,N”’-tetraacetic acid 
(1), which has four pendent acetate arms, binds to Ca2+ with a stability constant of 
log K = 15.85, which is one of the strongest complexes of Ca2+ known, with edta 
complexing with a log K of only 11.00.227
The potential uses of pendent arm macrocycles have been listed by Pilichowski 
et al228 and include the immobilisation of macrocycles onto polymers or inorganic 
supports (see chapter 5). The functional group of the side chain can be used to tune 
the properties of a metal ion to which it is co-ordinated. Thus, with the nickel com­
plex of (2) one can shift from an octahedral, paramagnetic, blue complex to a square
H O O C ^ "w r\,CO O H
(1)
planar, diamagnetic, yellow complex by adjusting the pH to control the co-ordination 
of the amino side chain through protonation.229»230
Kimura et al have shown231 that the redox potential of N i ( n ) / N i ( I I I )  is greatly 
affected by the co-ordination of the pendent arm in the N i ( I I )  complex of (3).
Pendent arm macrocycles can be synthesized with any number of pendent 
groups producing many varied properties. The synthesis of such azamacrocycles has 
been reviewed for triaza-,26»41 tetraaza-.18 and pentaaza-macrocycles.26
Early studies of the kinetics of pendent arm macrocycles largely concen­
trated on the effect that the metal ion has on the reactivity of the pendent arm 
groups in transition metal complexes. This is because the macrocycle holds the 
metal ion in a kinetically inert environment thus allowing the study of metal ion pro­
moted or induced reactions under strict steric control. To this end studies have been 
carried out on the Cu(II) promoted hydrolysis of ester and nitrile pendent side 
chains.232'234 The kinetics of intramolecular binding and dissociation of macro­
cycles with one or more pendent arms also received attention.18 However, little 
work has been carried out on the mechanism of metal insertion reactions with pen­
dent arm macrocycles. Studies in this area have concentrated on the tetraaza macro- 
cycles containing four acetate or four hydroxyethyl arms.235-237
In a study of the kinetics of interaction of metal ions with DOTA and TETA
Wilkins and Kasprzyk235 observed that the monoprotonated forms of the ligand 
were the most reactive species in aqueous solution over a wide range of pH. This 
behaviour is also found
R v j — l / B s \ l  l / R
C  N3'—  N — ' r  Nu1--- fsi N-----‘
R ^ l _____| ^ R o ' ' \ _____ I 'N
DOTA TETA
R (CH3CO2)
with EDTA and the unsubstituted macrocycles (chapter 1). The unreactivity 
of the diprotonated ligands is thought to  be due to an intramolecular hydrogen 
bonded structure, which again models the unsubstituted macrocycles.
Comparison of the formation rate constants with EDTA, cydam and cyclen 
(Table 3.1) suggests that the metal ions are  not part of the macrocyclic ring, though 
the large stabilities227 must mean that some interaction with the N-donors occurs.
Table 3.1
Formation rate constants for the reactions of M2+ with various monoprotonated 
ligands, 25 °C, kf / dm3 m ol1 s 1, ref. 235.
Ligand kf/Z n2+ kf/Ni2+ k,/Cu2+
H(DOTA)3- 1.1 x 107 3x10* 1.2x 10*
H(TETA)3- 1.6 x 10s 2.5x10* -
H(EDTA)3- ca. l(fi 2 x 10s 2x 10*
cyclenH + 33  x 10* 66 2.9 x 10s
cyclamH + 5.0 x 10* 53 1.8 x 10s
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The reactions proceed with a faster rate than for the macrocycles, consistent 
with the observation that conversion of a "picket-fence" porphyrin into a tetracarbox- 
ylic acid derivative greatly accelerates its metalation rate.238 The proposed mecha­
nism with DOTA and TETA involves initial capture of the metal ion by one of the 
pendent arms, followed by transformation to the final product. In this case X-ray 
crystallography has shown the final product to be the metal ion being bound by two 
amines and two acetate groups.237*239 Thus, it is difficult to compare the kinetics of 
these pendent arm macrocycles with the unsubstituted macrocycles. For the 14 
membered macrocycle with four acetate arms the Ni(II) complex has been converted 
from the "metal-out" position to the "metal-in" position (figure ) where the metal 
ion is bound inside the macrocyclic cavity by all four nitrogen donors.237
' Ni®- o u t ' NiB-in*
The prohibitively high kinetic barrier for metal insertion was avoided by oxida­
tion of the Ni(II) to Ni(in), which readily forms the "metal-in" complex. Subsequent
-83-
reduction to Ni(II) thus produced the "Ni(II)-in" complex as a stable isomer. Similar 
tetra-acetate pendent arm species with the 13 and 15 membered tetraaza macro­
cycles do not undergo this process, and nor do the Cu2+, Co2+ and Zn2+ complexes 
of the ligand.
Replacing the acetate arms with hydroxyethyl pendent groups circumvents the 
problem of the metal-in/metal-out structures.236 The complexes are of similar sta­
bilities to the complexes of tmc, which are known to be five co-ordinate,240 and are 
more stable than the "metal-out" complexes o f the tetraacetate tetraaza macrocycles. 
Rapid metalation reactions occur with this ligand as the hydroxyethyl groups provide 
points of attachment outside the macrocyclic ring for the incoming metal ion. Thus, 
the problem of the metal-in/metal-out structures can be overcome by ensuring that 
the points of initial attachment do not provide a structure of such stability that, as 
with the tetraacetate tetraaza macrocycles, the metal ion prefers to remain outside 
the macrocyclic cavity.
The acid dissociation kinetics of the Cu(II) complex of the tetra-hydroxyethyl 
ligand have been studied.241 Unlike the highly stable Cu(cyclam)2+145 the Cu(II) 
complex of this ligand is readily dissociated in acidic solution, with a kH of 3.44 
[H + ] s' 1 (3.15 x 10-4 [H + ] s*1 for Cu(cydam)2 + ). A "metal-out" structure is pro­
posed as an intermediate in the reaction.
In the present study the effect on the kinetics of functionalising cyclam and 
[9]aneN3 with a 2,2’-bipyridyl-6-yl-methyl pendent arm has been investigated. This 
is believed to be the first study of the complexation reactions of single pendent arm 
macrocycles. The bipyridine moiety aids the kinetic investigation by UV/visible 
stopped-flow methods enormously as it is a very good chromophore and large UV
HO
OH
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changes are expected on complexation. Also, bipyridine is one of the most widely 
studied ligands in terms of complexation kinetics and so there is a wealth of available 
data for comparison to aid analysis of the results.
32  Experimental
All the procedures and materials employed are as described in Chapter 2 
except for the ligands used. In this study the ligands were prepared by the method of 
Moore et al.242
33 Results
33.1 The Complexation Reaction between Ni2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-l,4,8,ll-tetraazacyclotetradecane in dmso.
The effect on the electronic spectrum of mixing Ni2+ and the ligand in dmso is 
illustrated in figure 3.1 for pseudo-first order conditions. The wavelength at which 
the kinetics were followed by the stopped-flow method was chosen as 313.4 nm, 
which was considered to  be the wavelength at which maximum absor- 
bance/transmittance change occurred. The concentration of ligand used was 23 x 
10"5 mol dm-3, with metal concentrations varying between 5 x 10*3 and 13 x 10"2 mol 
dm*3 after mixing. Only very low concentrations of ligand were required because of 
the very favourable absorbance changes observed. A large excess of metal (between 
200 and 600 times the ligand concentration) was required to speed the reaction to an 
accurately measurable level ( k ^  ca. 1-2 s*1). As in the previous studies involving 
cyclam and [9]aneN3 the stopped-flow traces revealed a two step, consecutive first 
order process, with both stages marked by an increase in absorbance. The first step 
was followed over 4 s and the observed rate constant had a first order dependence 
on the metal concentration. A plot of kobs vs. [Ni2+] gave a straight line of slope
162.7 ± 2.0 dm3 mol' 1 s' 1 which is the bimolecular rate constant at 24.8 °C. The
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Fig. 3.1 Electronic spectra of Ni2 + and Cyclam-Bipy in dmso.
Wavelength (nm)
intercept was experimentally indistinguishable from zero, showing that the dissocia­
tion rate of the first step was immeasurable by this method (figure 3.2). The depen­
dence of the bimoiecular rate constant on temperature was measured, and analysis 
via an Eyring plot gave the activation parameters at 25 °C to  be aH# = 49.0 ± 0.9 kJ 
mol-1 and aS# = -37.9 ± 2.8 J K'1 mol' 1 (figure 3.3). The second step in the reaction 
was slower than the first and was followed over SO s. Analysis by a combination of 
first order kinetic plots and consecutive first order fits as in the previous work 
showed that the observed rate constant was independent of the metal ion concentra­
tion, with a rate constant of 0.0478 ± 0.0057 s"1 at 25 °C (figure 3.4 shows a typical 
first order fit of the data for the second step in the reaction). The low rate constant 
and the small absorbance change involved meant that no accurate temperature 
dependence studies could be carried out, and so the activation parameters were not 
measured. All rate data are listed in Appendix 2.
33.2 The Complexation Reaction between Ni2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-1,4,7-triazacyclononane in dmso.
The point of maximum absorbance change was 314 nm (figure 3.5). Identical 
concentrations and conditions were used as in the previous experiment (see 33.1). 
The observed kinetics were again revealed to be a two step, consecutive first order 
process with identical behaviour to the previous study (figure 3.6). The first stage 
was slower this time and had to be followed over 10 s to determine the bimolecular 
rate constant from the dependence of the observed rate constant on the metal con­
centration. At 24.8 °C kf = 41.5 ± 0.7 dm3 mol' 1 s '1, with no measurable dissocia­
tion rate (figure 3.7). The activation parameters, derived from an Eyring plot (figure 
3.8), were aH# = 62.9 ± 22  kJ m ol1 and aS# -  + 43  * 113 J K'1 mol' 1 at 25 °C. 
The observed rate constant for the slower second step, which was again metal inde­
pendent, was followed over 50 s to give a rate constant of (533 ± 0.54) x 10"2 s' 1 at
24.8 °C, with the small absorbance change involved not lending itself to an accurate 
study of the activation parameters. All rate data are listed in Appendix 2.
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Fig. 3.5 Electronic spectra of Ni2+ and [9]aneN3-Bipy in dmso.
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3.3.3 The Complexation Reaction between Co2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-l,4,8,l 1-tetraazacyclotetradecane in dmso.
The reaction between Co2+ and cyclam-6-methyl-bipyridine was found to be 
not appreciably air sensitive during the time taken to carry out the experiments, and 
solutions made up under anaerobic conditions gave identical results to  solutions 
made up in air. The reaction was followed at 315 nm (figure 3.9) using 2.5 x lO'5 
mol dm'3 ligand and 5-15 x 10-3 mol dm'3 Co2 + (after mixing). As with the Ni2+ 
experiments a large absorbance change in this region allowed the use of a small 
ligand concentration and a wide range of Co2+ concentrations. Again a two step, 
consecutive first order biphasic process was observed, each step being identified by 
an increase in absorbance. The first step was followed over 0.4 s and a study of the 
dependence of the observed first order rate constant on the metal concentration 
yielded a value of 918.6 ± 10.9 dm3 mol'1 s'1 at 24.9 ± 0.2 °C for the bimolecular rate 
constant, with a first order dependence on metal (figure 3.10). This time, a small 
intercept was observable, but with a large error; thus the dissociation rate of the 
intermediate was 0.129 ± 0.071 s '1 at 24.9 ± 0.2 °C. The activation parameters for 
the forward rate constant were measured from an Eyring plot (figure 3.11) as aH# 
= 41.4 ± 2.7 kJ mol'1 and aS# -  -50.1 ± 9.0 J K*1 mol'1 at 25 °C. The errors in the 
small intercept did not facilitate a serious study of the activation parameters for this 
process. For the second, slower step the reaction was followed over 30 s, and analy­
sis as in previous experiments gave a rate constant of 0.0722 ± 0.0016 s '1 at 24.9 ± 0.2 
°C, which was independent of the metal concentration. All rate data are listed in 
Appendix 2.
33.4 The Complexation Reaction between Co2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-l,4,7-triazacyclononane in dmso.
This reaction was followed at 323 nm (figure 3.12), and was found to  be insen­
sitive to air, as was the previous experiment (333). Identical conditions were used 
as in the previous study. A similar biphasic process was observed, but this time the
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Fig. 3.9 Electronic spectra of Co2 + and Cyclam-Bipy in dmso.


Fig. 3.12 Electronic spectra of Co2+ and [9]aneN3 in dmso.
Wavelengh (nm)
first step was quicker and had to be followed over 0.1S s. The calculated bimolecular 
rate constant for this process was 2773 ± 32 dm3 mol’1 s’1 at 24.8 ± 0.1 °C (figure 
3.13) with a first order dependence on the metal concentration. Again, a small inter­
cept was observed, 0.54 ± 0.22 s*1, with a large error. The activation parameters for 
the forward process are aH# = 49.4 ± 1.0 kJ m ol'1 and aS# = -13.1 ± 3.5 1 K 1 
mol’1 at 25.0 °C, as derived from an Eyring plot (figure 3.14). The second step was 
followed over 20 s and was found to be independent of the metal concentration, with 
a rate constant of 0.1100 ± 0.0027 s’1 at 24.8 ± 0.1  °C. All rate data are listed in 
Appendix 2.
33.5 The Complexation Reaction between Cu2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-l,4,8,ll-tetraazacyclotetradecane in dmso.
Attempts to follow this reaction at both ultra-violet and visible wavelengths 
(figures 3.15 & 3.16) proved impossible. At ligand concentrations required to  pro­
vide a large enough absorbance change on mixing, the concentrations of Cu2+ 
required to retain pseudo-first order conditions drove the reaction at a rate too rapid 
for the stopped-flow technique (the apparatus has a "dead time"* of 2 ms, so the 
reaction was complete in less than 2 ms), and all that was visible was the tail end of 
the presumably second, slower stage of the reaction (if the reaction follows the same 
biphasic process as found with the other metals). This is due to the unfavourable 
absorbance changes on mixing.
(* - the dead time is the time required for mixing and moving the solutions 
from the mixer to the observation chamber)
33.6 The Complexation Reaction between Cu2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-l,4,7-triazacyclononane in dmso.
Again, attempts to follow this reaction in the visible region (figure 3.17) with 
23 x 10*3 mol dm’3 ligand and 23  x 10’2 mol dm’3 Cu2+ pushed the reaction rate too

10
7T
0/
K
)
Fig. 3.15 Electronic spectra of Cu2+ and Cyclam-Bipy in dmso - U. V. region.
Fig. 3.16 Electronic spectra of Cu2+ and Cyclam-Bipy in dmso - visible region.
Fig. 3.17 Electronic spectra of Cu2+ and [9]aneN3-Bipy in dmso - visible region.
high to be measured. However, this time the rates were just measurable by follow­
ing the reaction in the ultra-violet region (figure 3.18) at 316.5 nm using 1.25 x 10*5 
mol dm-3 ligand and 1.25-3.5 x 10*4 mol dm'3 Cu2+ (both after mixing). A two step, 
consecutive first order process was observed, with both stages displaying the now 
characteristic increase in absorbance for reactions followed in the ultra-violet. A 
study of the metal ion concentration dependence of the observed rate constant for 
the first step was carried out by following the reaction over 0.04 s. The calculated 
bimolecular rate constant at 25.0 °C was 2.456 x 10s (± 9.2 x 103) dm3 mol'1 s'1 (fig­
ure 3.19). A large intercept was observed in the plot of vs. [Cu2+], with the dis­
sociation rate for the first step being 19.99 ± 1.29 s'1. Unfortunately, an accurate 
temperature dependence study of the activation parameters proved impossible, as 
the investigation was limited by the value of the observed rate constants, which were 
too large to be accurately measured. The second stage of the reaction was followed 
over 2 s and proved to be independent of the metal ion concentration with an 
observed rate constant of 1.34 ± 0.01 s*1. All rate data are listed in Appendix 2.
33.7 The Complexation Reaction between Zn2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-1,4,8,11-tetraazacyclotetradecane in dmso.
The reaction was studied at 316 nm, with 2.5 x 10"5 mol dm'3 ligand and 5-15 x 
10-4 mol dm'3 Zn2+ (figure 3.20), where the point of maximum absorbance change 
was considered to exist on mixing. A two step, consecutive first order process was 
observed, with both steps marked by an increase in absorbance. A study of the effect 
of varying the metal concentration and temperature on the observed rate constant 
for the first step showed a first order dependence on the metal concentration, with a 
bimolecular rate constant of 1.22 x 104 ± 209 dm3 mol'1 s'1 at 25.0 °C and a dissocia­
tion rate of 5.099 ± 0.139 s'1 (figure 3.21). The activation parameters for the for­
ward step were AH#  = 49.8 ± 0.8 kJ mol'1 and aS# = + 03  ± 2.6 J  K '1 mol'1 (figure 
3.22) and for the dissociation step, aH# *  163 ± 0.8 kJ mol'1 and aS# ■ -177.0 ±
2.6 J K '1 mol*1 (figure 3.23), all at 25.0 °C. A study of the second step over 3 s
-89-
Fig. 3.18 Electronic spectra of Cu2+ and Cyclam-Bipy in dmso - U. V. region.

Fig. 3.20 Electronic spectra of Zn2+ and Cyclam-Bipy in dmso.
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Fig. 3.21 The first-order dependence of on [Zn2+] for step 1.
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showed no dependence on the metal concentration, with a rate constant of 0.768 ± 
0.016 s_1 at 25.0 °C. This time, a temperature dependence study of the second stage 
was possible due to a favourable absorbance change, with the derived activation par­
ameters (figure 3.24) being ûH # = 31.3 ± 1.6 kJ mol'1 and AS# = -142.8 ± 5.4 J  K'1 
mol'1 at 25.0 °C. All rate data are listed in Appendix 2.
3.3.8 The Complexation Reaction between Zn2+ and l-(2,2’-bipyridyl-6-yl 
-methyl)-1,4,7-triazacyclononane in dmso.
The change in the electronic spectrum of the reactants on mixing is shown in 
figure 3.25. It is very similar to the reaction of Zn2+ with the cyclam derivative of 
2,2’-bipyridine (figure 3.20) and so the same concentrations as those experiments 
(33.7) were used in this study. The reaction was followed at 313 nm and stopped- 
flow traces again displayed a two step, consecutive first order process. Analysis of 
the first step by following the reaction over 0.2 s and observing the dependence of 
the rate constant on metal concentration and temperature (figure 3.26) gave a calcu­
lated bimolecular rate constant of 1.25 x 105 ± 98 dm3 mol'1 s*1 at 25.0 °C and a dis­
sociation rate of 5.01 ± 0.07 s '1 at 25.0 °C. The activation parameters, derived from 
Eyring plots, were AH# = 50.6 ± 1.4 kJ mol'1 and aS# = + 3 .2  ± 4 .5  J  K'1 
mol'1 at 25.0 °C for the forward process (figure 3.27) and aH# = 16.9 ± 1.0 kJ mol'1 
and aS# = -175.1 ± 2.9 J K '1 mol'1 at 25.0 °C for the reverse process (figure 3.28). 
The second stage, observed over 10 s, showed no dependence on metal ion concen­
tration, with a rate constant of 0.197 ± 0.017 s*1 at 25.0 °C and activation parameters 
of aH#  -  128.7 kJ m ol1 and aS# -  +173.0 ± 4.0 J K*1 m ol1 at 25.0 °C (figure 
3.29). All rate data are listed in Appendix 2.
33.9 The Complexation Reactions between Mn2+ and the ligands l-(23’-bi 
pyridyl-6-yl-methyl)-l,4,8,l 1-tetraazacyclote trade cane and l-(23’-bipyridyl-6-yl-met 
hyl)-l,4,7-tri-azacyclo-nonane.
At concentrations of reactants suitable to produce a large enough absorbance
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Fig. 3.25 Electronic spectra of Zn2 + and [9]aneN3-Bipy in dmso.
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Fig. 3.26 The first-order dependence of on [Zn2+] for step 1.
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change on mixing (e.g. figure 3.30 for [9]aneN3-Bipy) all reactions, followed at 316 
nm, were too fast to measure on the stopped-flow timescale. Only the tail end of a 
reaction could be observed. Thus, no data was obtainable for these two reactions in 
dmso. Decreasing the concentrations of reactants would make the absorbance 
change too small to measure and decreasing the temperature to slow the reaction 
would be impractical as the dmso solutions freeze at just under 20 °C.
3.4 Discussion
As with the work discussed in the previous chapter, all the reactions studied 
here displayed a biphasic kinetic process, with equivalent concentration dependen­
cies as before for the two steps (2.4). However, with the pendent arm macrocycles 
the initial rapid step displayed a reverse reaction for some of the metals (Zn2+, 
Co2+ and Cu2+) studied. Thus, the complexation process is slightly more compli­
cated than for unsubstituted cyclam and [9]aneN3 with the initial step involving an 
equilibrium.
M2+ +  L = = tin t  '*> Product
(kf >  >  K a )  (K i =  k^kd)
The pendent arm thus has the effect of destabilising the intermediate with 
respect to the reactions of the unsubstituted macrocycles. The measured and calcu­
lated rate constants for the complexation reactions of Ni2+, Cu2+, Co2+, Zn2+ and 
Mn2+ with cyclam and [9]aneN3 functionalised with a single pendent 
2,2’-bipyridyl-6-yl-methyl arm are listed in Table 3.2.
Initial attachment of the metal ion must occur through either a bipyridyl or a 
macrocydic donor atom. In order to determine at which of these two moieties initial 
reaction occurs it is useful to compare the rate constants of complexation for bipy, 
cyclam, [9]aneN3 and the relevant pendent arm macrocycle with each metal ion. Full
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Fig. 330 Electronic spectra of Mn2+ and [9]aneN3-Bipy in dmso.
data are only available for Ni2 + and Co2 + and values are listed in Table 3.3.
Table 3.2
Measured Rate Constants for the Reactions of Various Pendent arm Ligands with 
Labile Transition Metals, for errors see 3.3, • - not measured, see results.
Ligand Metal kf kd kint logKj
dm3 mol"1 s"1 s*1 S"1 = log (k,/kd)
Cyclam-Bipy Ni2+ 162.7 • 0.047 •
Co2-1- 918.6 0.129 0.072 3.85 ±2.12
Zn2+ 12310 5.05 0.760 339 ±0.04
Mn2+ • • • •
[9]aneN3-Bipy Ni2+ 413 • 0.053 •
Cu2+ 246000 19.99 1337 4.09 ±0.42
Co2+ 2773 0.54 0.11 3.71 ± 135
Zn2+ 12510 5.01 0.196 3.40 ± 0.07
Mn2+ • • • •
Table 33
Comparison of Forward Rate Constants for the Reactions of Ni2+ and Co2* with
various Ligands.
25 °C, dmso, kf /  dm3 mol-1 s"1
Reactant kf/N i2+ kf/Co2*
Cydam-bipy 162.7 918.6
[9]aneN3-bipy 41.5 2773
Cyclam* 1620 29418
[9]aneN3* 1747 31306
bipyb 69 3600
refs: a - chapter 2, b  - ref. 62
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From comparison of the data for Ni2+ and Co2+ it is clear that the initial rate 
constants for the reactions with both pendent arm macrocycles resemble much more 
closely the corresponding values for bipy rather than the unsubstituted macrocycles, 
with pendent arm macrocycle/bipy values differing by less than a factor of 4 times at 
the very most, whereas for the free macrocycle the values are up to 30 times larger 
(e.g. for Co2+ with cydam). Since we have already established that the free macro­
cycles react via the Eigen-Wilkins mechanism in dmso (see 2.4) then the lower reac­
tivity of the pendent arm macrocycles may suggest that these ligands do not follow 
this mechanism. To substantiate this claim we may calculate the values of n 
expected from the dissociative interchange mechanism using = 0.SS as in chap­
ter 2. The calculated values are tabulated in Table 3.4.
The values of n for Ni2 + , Co2+ and Zn2+ are all very similar and lie in the 
range 13 - 4.9 x 10-3. These values are very small and again reflect the bulk of the 
dmso molecules as in Chapter 2. With Cu2+ the value of n is again anomalous, this
Table 3.4
Calculated values of n using the Eigen-Wilkins equation
25 °C, dmso, C/B = Cyclam-Bipy, T/B = [9]aneN3, kf / dm3 mol'1 S'1.
Metal kf kf n n
C/B T/B 5>
Ni2+ 162.7 41.5 lx lO 4 4.9 xlO-3 13 x 10"3
Cu2+ - 246000 7.95 XlO3 - 14.07
Co2+ 918.6 2773 1.7 x 105 1.6 xlO-3 4.9 xlO-3
Zn2+ 12310 12510 8.7 x 10s* 43  x 10-3 4.4 xlO-3
Mn2+ - . 63  x 106* - .
• - k«1 Zn2+ ref. 194, k^1 Mn2+ ref. 243.
may be due to the error in k ^ 1 for this ion in dmso since doubt has already been 
placed on the value for the rate of solvent exchange for this ion in dmso (see chapter
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2); thus, this data may substantiate this doubt somewhat. If we assume that the reac­
tion of Cu2+ with [9]aneN3-bipy follows the Eigen-Wilkins mechanism we can then 
generate a value for kcx,(Cu2+) in dmso from the equation used previously. This 
produces a value in the range 23  - 8.6 x 107 s*1 at 25.0 °C, which seems much more 
reasonable than the published data.190*191 This value is much more in keeping with 
the trends in solvent exchange rate variance with metal ions97 observed in many 
other solvents e.g. H20 , MeOH, dmf, CH3CN etc. This value would also explain 
the order of the increasing rate constants (kf) observed in the reactions studied here 
(kf(Cu2+) > kj(Zn2+) > kj<Co2+) > kj(Ni2+)) as this order is now paralleled by 
the solvent exchange rates of the metal ions. However, with the unsubstituted 
macrocycles this new value could not explain the rate constants observed for the 
reactions with Cu2+ (see 2.4) in terms of the Eigen-Wilkins mechanism. There is 
clearly some kind of abnormal behaviour occurring in one (or both) of the systems 
and more work is required before this problem is resolved e.g. measuring the rate of 
dmso exchange on Cu2+ using 170  nmr methods, and the rate of reaction of bipy 
with Cu2+ in dmso.
The values of "n" calculated by assuming the Eigen-Wilkins mechanism for 
Ni2+, Co2 + and Zn2+ are very interesting in that they are much lower than the val­
ues calculated for "normal" substitution reactions (ca. 0.2) (see 2.4 & ref. 56). Also, 
they are very similar to the value calculated by Nichols and Grant56 for the reaction 
between Ni2+ and bipy in dmso (0.008); a value which the authors used to suggest 
anomalous behaviour for the substitution reactions of this ligand (and 
1,10-phenanthroline) in dmso. This also suggests that the initial reaction step of the 
biphasic process involves reaction of the bipyridyl moiety. Data from the studies of 
the substitution reactions of 2£ ’-bipyridyl in aqueous solution suggests that in this 
solvent reaction occurs via the Eigen-Wilkins mechanism. For the reaction of Ni2+ 
with pyridine and with 2,2’-bipyridine the rate constants are ca. 4 000 and 1 500 dm3 
mol*1 s*1 respectively at 298.1 K in water86*87 whereas in dmso the same reactions 
have rate constants of ca. 2 000 and 69 dm3 mol*1 s*1 respectively.62*65 This illus-
trates the reduced rate of reaction for bipy in dmso compared with H20 , and the 
change from an Eigen-Wilkins mechanism to some other mechanism. A number of 
authors have attempted to explain this behaviour, though the most likely interpreta­
tion is that chelate ring closure becomes rate determining for bipy in dmso.244 This 
suggestion was supported by studies of the dissociation of Ni(bipy)2+ in water and 
dmso, where the rate of chelate ring closure was found to be ca. 60 times slower in 
dmso than in water.244 The reason for the occurrence of this SCS mechanism (see 
1.3) is likely to be due to increased competition of the solvent molecules, with 
respect to chelate ring closure, for the intermediate, where only a single metal-donor 
bond is present. The dmso molecules are known to possess a higher donor ability 
than water.212 Also, the bulkiness of the co-ordinated dmso molecules may hinder 
the approach of the donor atoms on co-ordination (the water molecules are much 
smaller).
Since a number of the reactions studied display an equilibrium in the initial 
rapid step values for the stability constants of this process may be calculated. These 
values, where all necessary data are available, are listed in Table 3.2. If the initial 
reaction step involves reaction with the bipy moiety, as the data suggests, then it 
would be useful to compare these stability constants with the stability constants for 
the 1:1 complexes of M(bipy)2+ in dmso in order to determine the extent to which 
the reaction intermediates match the simpler complexes. Unfortunately, the only 
available data for M(bipy)2+ stabilities in dmso is for the Zn2+ complex.194 How­
ever, by comparing this figure to that for the aqueous stability constant, where data is 
available for all the complexes, we can determine the difference in stability (2 log 
units for Zn(bipy)2+) and thus use this value to generate approximate values of the 
stability constants for the other metals. Data calculated in this way are compared 
with stability constants calculated from the rate constants for the pendent arm 
macrocyclic reactions in Table 3.5.
-95-
Tabic 3 3
Comparison of Stability Constants for bipy and bipy/macrocycle species, 
dmso, n = ca. 0.1 mol dm 3
Metal log Kx /  bipy log Kj / cydam-bipy log Kj / [9]aneN3-bipy
Ni2+ 5.1 - -
Co2* 3.8 3.85 ± 2.12 3.71 ± 135
Mn2 + 0.6 . -
Zn2+ 3.4«" 339 ± 0.04 3.40 ±0.07
Cu2* 43 - 4.09 ± 0.42
all bipy values calculated at 19.2 °C, according to the equation;
log Kt -  log K j M ^ H p )  - {log YLxZsP+{H&) - log ^ZnZ+idmso)}
Where the values can be calculated the match with the observed figures is 
remarkable. For Co2+ and Cu2+ the figures are in some error, but for Zn2+ the 
match is so close that the two numbers are essentially identical. This suggests that 
the intermediate in the reactions of Zn2+ with the pendent arm macrocycles 
involves Zn2+ bonded to the bipy arm only, with the macrocycle well out of the co­
ordination sphere, since much higher stability constants would be expected if any of 
the macrocydic nitrogen donors were co-ordinated.
The match for the Cu2+ and Co2+ data is sufficient to suggest that this form 
of intermediate also occurs in the reactions of these ions. If this behaviour is 
assumed for all the reactions, then it should be able to explain why the dissociation 
rate of the Ni2+ intermediate could not be measured and why the Mn2+ reactions 
are too fast to measure.
Using the estimated stability constant for Ni(bipy)2+ (Table 3.5) and the for­
mation rate constants (Table 3.2) for the reaction between Ni2+ and the pendent 
arm macrocycles it is possible to predict the rate constant of dissociation for the 
intermediates. Thus kd is ca. 13 x 10"3 s 1 and ca. 33 x 10-3 s 1 at 25.0 °C for the 
cydam and [9]aneN3 containing ligands respectively. By studying the plots of
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vs. [Ni2 + ] for these two reactions (figures 3.2 & 3.8) it is easy to see why such small 
values of kd would not be observable as intercepts, since the data conform to the 
straight line equation kob. -  MM2+1 + kd.
For the Mn2 + reactions the estimated low stability constant for Mn(bipy)2+ 
along with the estimated value for the formation rate constant (see earlier) generate 
a value of ca. 2.5 x 104 s'1 for kd. Thus, at a concentration of ca. 5 x 1(H mol dm-3 
(see 33.9) the Mn2+ reaction would proceed with an observed first order rate con­
stant of ca. 25 050 s*1, which could not possibly be observed on the stopped-flow 
timescale since the dead time on the instrument is 2 ms and this reaction has a half- 
life of 0.028 ms. Thus, the low stability of the intermediate causes the large value for 
kd to become the dominant term in the kinetics. This is not unexpected since Mn2+ 
often has a high-spin t2g3eg*2 electronic configuration and, therefore, does not have 
ligand field effect stabilisation in its complexes. Thus, assuming an intermediate of 
the form suggested for the Zn2+ reactions can explain the unobservable data for 
other metal ion reactions.
Another convincing observation to substantiate the initial reaction of the bipy 
moiety is found if it is considered that bipy covalently bound to a macrocycle will 
block attack at the adjacent bipyridyl nitrogen, whereas with free bipy the two 
donors are equally available for bonding. Thus, the rates of reaction of the pendent 
arm macrocycles should be a statistical factor of two smaller than for bipy.
By comparing the rates of reaction of the pendent arm macrocycles with Zn2+ 
with the reaction of Zn2+ with bipy at 292.2 K (by calculating the data at 292.2 K for 
the macrocyclic reactions using the relevant activation parameters (see Table 3.8)), 
the values of kf are indeed roughly one half of those for the bipy reaction (Table
3.6).
However, similar comparisons for the data of the Ni2+ and Co2+ reactions 
(Table 33) are not as dear cut, and other factors may come into play here. Since the 
forward rate constants are expected to be halved the same factors should control the 
reverse process and so the dissociation rate constants (kd) should also be halved.
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Table 3.6
Comparison of Forward Rate Constants for various Zn2+ reactions.
T = 292.2 K, dmso, n = 0.1 mol dm-3 
Reactant 
bipy194 
cyclam-bipy 
[9]aneN3-bipy
kf /  dm3 mol'1 s '1 
18700 
7810 
8060
Again comparing the relevant values for the Zn2+ reactions at 292.2 K (Table
3.7) clearly demonstrates the applicability of this hypothesis.
Table 3.7
Comparison of Reverse Rate Constants for various Zn2+ reactions. 
T = 292.2 K, dmso, u = 0.1 mol dm 3
Reactant kd /  s'1
bipy194 8.25
cyclam-bipy 4.77
[9]ancN3-bipy 4.02
The activation parameters for many of these processes have also been deter­
mined and are listed in Table 3.8. Examination of the activation parameters for the 
forward rate constant of the initial step of the reactions shows that the processes are 
not controlled by enthalpy alone, as was the case for the unsubstituted macrocycles 
(see 2.4). In fact, for the three cyclam-bipy reactions listed the fastest reaction, that 
of Zn2+, actually has the least favourable activation enthalpy and in this case it is the 
much higher value of the activation entropy, compared to the Ni2+ and Co2+ reac­
tions, which controls the kinetics. This supports the idea that the Eigen-Wilkins 
mechanism is inoperative at this stage as the reactions should be controlled by the 
enthalpy terms if the reactions undergo this mechanism, as was observed in chapter
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Table 3.8
Activation Parameters for the Reactions of two Single Pendent Arm Macrocycles 
with Labile Transition Metals, for errors see 3.3.
25 °C, n = 0.1 mol dm-3, dmso
Ligand Metal AHf* ASf# A Gf#
kJ mol’1 J K'1 mol'1 kJ mol'1
Cyclam-bipy Ni2* 49.0 -37.9 603
Co2* 41.1 -50.1 56.0
Zn2* 49.8 + 03 49.7 M
[9]aneN3-bipy Ni2* 62.9 +43 61.6
Co2* 49.4 -13.1 533
Zn2* 50.6 +3 2 49.7 *2
•lAHd# = 16.3 U  mol U s d'  - . ■ 177.0 JK '1 m ol1, AGd# = 68.61
•2 AHd# = 16.9 kJ mol' U s d* -  ■175.1 J K 1 m ol1. AGd# *  69.2 ]
AHbt# = 128.7 kJ mol'1, nSiat# -  +173.0 J K 1 m ol1, AGb ,# « 77.4 kj m o l1
2. However, the same trends are not observed for the reactions with [9]aneN3-bipy 
where the Ni2+ data includes a favourable entropy term and an unfavourable 
enthalpy term, the latter controlling the reaction and causing a slow reaction rate. 
The data for Zn2+ reacting with both ligands are very similar, suggesting that the 
same process is occurring in both reactions. This perhaps confirms the earlier con­
clusions that the first stage of the Zn2+ reactions are identical, whereas for the other 
metals other factors, not applicable to the Zn2+ systems, may affect the reactions 
slightly, causing deviations from the data expected on the basis of the proposed 
intermediate structure. For the Zn2+ reactions the nature of the macrocyclic moiety 
contained in the ligands have no effect on the kinetics of the first reaction step as 
manifested by identical rate constants and activation parameters, whereas for the 
other metals that were studied the macrocycles clearly have some part to play in this 
reaction process, perhaps suggesting that the macrocycles are not fully out of the co-
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ordination sphere during the formation of the initial intermediates as has been pro­
posed for the Zn2 + systems.
The similarities in the initial Zn2+ reactions is also evident when the activa­
tion parameters for the dissociation process of the intermediates are studied (Table
3.8). As with the forward reactions, the parameters for the reverse reactions are 
essentially identical, with a very favourable enthalpy term, but an extremely unfav­
ourable entropy term, which controls the processes for this reverse step. The values 
for AHd# are very small and are almost identical to the energy required for the 
simple diffusion of two species to  bring them together. Thus, the activation parame­
ters for the reverse processes do not represent a single step and are probably associ­
ated with a multistep process that includes a pre-equilibrium. The value for the acti­
vation entropy is also strange and cannot represent a single process for reactions of 
this nature. Such large negative entropies must represent a severe ordering of the 
species and are usually only observed when two reactants of the same charge come 
together, causing a large increase in charge density and severe électrostriction of the 
solvent molecules. By the principle of microscopic reversibility the forward process 
must also be composed of more than one step.
Another useful exercise to determine the mechanism of these reactions may be 
to compare the activation enthalpies for solvent exchange, the reaction with bipy, the 
reactions with the free macrocycles and the reactions for the pendent arm macro- 
cycles. Full data are only available for Ni2+ and Co2+ and are collected in Table 
3.9.
Hopefully the enthalpies for the pendent arm macrocycles should be closest to 
the values for those for the reactions with bipy. However, Table 3.9 shows that 
although the values are not too far from the bipy values neither in some cases are 
they too far from the activation enthalpies of the reactions with the free macrocycles, 
nor the dmso exchange reactions. It has already been established that the initial 
reactions of the pendent arm macrocycles do not follow the Eigen-Wilkins mecha­
nism and do not react via the macrocyclic moiety and so any similarities in the above
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Table 3.9
Comparison of Activation Enthalpies for various Ni2+ and Co2+ reactions in dmso 
25 °C ,fi=  0.1 mol dm'3, all values =  A H# / kJ mol'1
Metal dmso bipy cyclam [9]aneN3 C/B T/B
Ni2+ ca. 50* 52.7*> 49* 35* 49.0 62.9
Co2 + ca. 40* SiTb 33* - 41.1 49.4
refs: a - chapter 2, b - ref. 62. 
data are probably mere coincidence.
The entropies of activation for the initial complexation processes in the reac­
tions of the pendent arm macrocycles vary between -50.1 and +4.5 J K*1 mol'1. 
This variation may be due to differences in co-ordination numbers for the different 
metal species. Ni2+ and Co2+ are certainly known to possess octahedral solvated 
ions in dmso.245 However, Ni2+ is also known for its ability to distort tetragonally 
and thus low concentrations of four or five co-ordinate species may co-exist with the 
standard six co-ordinate state. Since such low co-ordinate species may well react via 
an associative mechanism246 only low concentrations of a more reactive species is 
necessary to affect the mechanism/kinetics, particularly since octahedral/square pla­
nar equilibria are known to be rapid for the Ni2+ ion.247»249 Similarly, the co­
ordination environment of Zn2+ in dmso is unknown. In methanol the solvation 
number can vary from six at low dilution to four at higher concentrations, with co­
ordination of perchlorate anions complicating the situation.193 The variance in ASf# 
values may thus reflect the existence of such co-ordination numbers. Certainly in the 
final, thermodynamically stable products of these reactions the co-ordination num­
bers are known to differ between the metals. In solution the Ni2+ complex of both 
ligands is octahedral, with a dmso molecule occupying the sixth position in the 
[9]aneN3-bipy complex. For Zn2+ the final complex is five co-ordinate for the 
[9]aneN 3-bipy complex. T he crystal s tructures also differ, with 
[Ni([9]aneN3-bipy)OH2]2+ in a distorted octahedral environment. For
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?Fig. 3.31 Crystal structures of some [9JaneN1-Bipy complexes, top -
[Ni([9]aneN3-bipy>OH2J2 ♦, bottom -  [Zn([»)aneN,-bipyXCX30^
[Zn([9]aneN3-bipy)(0C103)2] the metal is seven co-ordinate, with two loosely co­
ordinated perchlorate ions (figure 3.31). The effect of the ligand on solvent struc­
ture has been suggested as an important consideration in substitution reactions in 
non-aqueous media,62«63 though here the equivalence of the Zn2+ activation par­
ameters for the initial step suggests this is unimportant in these reactions.
The rate constants for the slower, second process decrease in the order k^,, > 
kZn > ^Co > kNi (Table 3.2), paralleling the proposed order of solvent exchange. 
Thus, solvent exchange may well be involved in this process. Certainly, where the 
activation parameters for k^t could be measured (Table 3.8) the ASint# suggests a 
dissociative process. However, the second step is likely to represent a number of 
conflgurational/conformational/co-ordination number changes as did the reactions 
of the unsubstituted macrocycles (see 2.4).
In terms of configurational changes there are two basic processes which both 
pendent arm macrocycles must undergo before final complexation can occur. 
2,2’-bipyridine is known to exist in a trans- configuration in solution250 and for maxi­
mum ligand solvation the attached macrocycle will probably lie pointing away from 
the bipy moiety with the macrocyclic cavity "open" - particularly in a strong donor 
solvent like dmso, where the dipole moment of a dmso molecule is 4.11 D at 25 °C.
Thus, for complete co-ordination to a metal ion the bipy must rotate to pro­
duce a a's-configuration and the methylene arm must rotate to bring the macrocycle 
round to attach to the metal ion (see figure 331). The former process must occur 
during the initial stage of the reaction to form the proposed intermediate and this 
configurational change may well contribute to  the "abnormally" slow substitution 
reactions of bipy in dmso, as the vacant site left after solvent dissociation will be less 
accessible with a bulky aromatic ring in the way. The latter process will certainly 
occur after the intermediate is formed for the Zn2+ reaction, in the second, slower 
reaction; but for the other metals, where data are not as clear cut, differing 
degrees of this process may be involved prior to the formation of the intermediate. 
As previously discussed (2.4) once the macrocycle has bonded conformational rear­
rangements may be necessary, in the form of nitrogen inversions, to form the final 
product and these processes will also contribute to  the second step in the reactions. 
Thus the values of kint represent composite quantities which are impossible to inves­
tigate using the techniques employed here.
Scheme I shows the proposed reaction mechanism for the pendent arm macro­
cycles reac tin g  with f irs t row tra n s itio n  m etals in dmso.
For the cyclam containing ligand the second reaction stage will contain an extra 
step as an extra donor atom is present for co-ordination.
Therefore, the study of the complexation reactions of cyclam and [9]aneN3 
functionalised with a pendent 2,2’-bipyridyl-6-yl-methyl arm illustrates that initial 
reaction of pendent arm macrocycles occurs via the pendent arm, at least for these 
ligands, as has been postulated by previous studies in macrocycles containing four 
pendent arms,235»236-241 despite the fact that in their unfunctionalised forms the 
macrocyclic moieties react much faster than 2,2’-bipyridine. The presence of the 
pendent arm also enhances the stabilities of the final products. This is illustrated by 
the fact that no metal-metal exchange reactions were observed with any of the metal 
complexes, using Cu2+ or Hg2+ as scavenger ions, over a period of several hours, 
even at elevated temperatures.
Further studies need to be carried out on pendent arm systems to  see if this 
mechanism is a general one.
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Chapter 4
Rates and Mechanism or Co-ordination of Labile Transition Metal Ions with Tetra- 
aza Macrocycles Containing a Pyridine Group
4.1 Introduction
The effect of increasing rigidity and degree of alkylation on the kinetics of 
complexation of aza macrocycles with transition metals has been actively studied 
over the years (see 1.5). The effect of substituting a pyridine group for a secondary 
amine has already been the subject of a limited study.112 This chapter deals with the 
effect that a pyridine group has on the kinetics of aza macrocycles and also the effect 
of increasing méthylation by studying the kinetics of complexation of Ni2+, Co2 + 
and Cu2+ with the ligands PyN3, Me-PyN3 and Me3-PyN3 in dmso.
4 2  Experimental
All procedures and materials are as described in Chapter 2 except for the 
ligands used. In this study the ligands were prepared by the methods of Moore et al: 
for PyN-j251, Me-PyNj252 and Me3-PyN3.2»
PyN3:R'=HiR2 = H 
Me-PyN3;R'=H,RJ=Me
Me3-PyN3:R, =M«1R2=Me
R'N NR1
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4 3  Results
4.3.1 The Complexation Reaction between Ni2+ and PyN3 in dmso.
The reaction was followed at 308 nm, at the point where maximum absorbance 
change was observed on mixing solutions of the reactants (figure 4.1). The ligand 
concentration was 5 x 10"4 mol dm*3 after mixing and the metal concentration was 
varied between 5 x 10"3 and 1.5 x 10-2 mol dm-3 (after mixing). The stopped-flow 
data did not conform to first order kinetics and are interpreted as a two step, conse­
cutive first order reaction (figure 4.2). A study of the dependence of the observed 
rate constant for the first step on metal ion concentration was carried out by follow­
ing the reaction over 1 s. A first order dependence was found (figure 4.3) with a cal­
culated bimolecular rate constant of 441.6 ± 1.8 dm3 mol'1 s*1 at 25 °C. The dissocia­
tion rate for the first step was experimentally indistinguishable from zero. Determi­
nation of the activation parameters for this process from an Eyring plot (figure 4.4) 
yielded aH# = 83.6 ± 0.9 kJ mol'1 and aS# = +86.0 ± 3.2 J  K '1 mol'1 at 25 °C. 
The second step was followed over 60 s and the observed first order rate constant 
was found to be independent of the metal ion concentration, with a rate constant of 
0.0354 ± 0.0020 s '1 at 25 °C. The small absorbance change involved in the second 
step did not allow a serious study of the temperature dependence of this process. All 
rate data are listed in Appendix 3.
43 2  The Complexation Reaction between Ni2+ and Me-PyN3 in dmso.
The effect of mixing the reactants on the electronic spectrum of the system is 
shown in figure 4.5. The reaction was studied at 310 nm, using the same reactant 
concentrations as for the previous study (43.1). Again, stopped-flow traces revealed 
data which gave non-linear fits to linear first order kinetic plots (figure 4.6), the 
reaction displaying a two step, consecutive first order process. Analysis as before 
yielded a bimolecular rate constant of 443.0 * 3.4 dm3 mol'1 s'1 at 25 °C for the first 
step, the observed rate constant possessing a first order dependence on the metal ion
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Fig. 4.1 Electronic spectra of Ni2 + and PyN3 in dmso.
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Fig. 4.5 Electronic spectra of Ni2 + and Me-PyN3 in dmso.
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concentration (figure 4.7), with activation parameters, derived from an Eyring plot 
(figure 4.8) of aH# = 77.1 ± 0 3  kJ mol*1 and aS# = +64.2 ± 1.0 J K*1 mol*1 at 25 
°C. The slower, second stage of the reaction was followed over 200 s to give an 
observed rate constant of 0.0127 ± 0.0004 s*1, at 25 °C, the rate constant displaying 
no dependence on the concentration of metal present. Activation parameters were 
difficult to determine for this process owing to the small absorbance change 
involved. All rate data are listed in Appendix 3.
4 3 3  The Complexation Reaction between Ni2+ and Me3-PyN3 in dmso.
This reaction was initially followed in the visible region (figure 4.9) at 384 nm, 
where the usual two step, consecutive first order process was observed using the 
same reaction concentrations as in the previous two studies. Following the reaction 
over 03  s showed that the first stage had a first order dependence on the metal ion 
concentration with a bimolecular rate constant of 1849.8 ± 32  dm3 mol*1 s*1 at 25 °C 
(figure 4.10), with activation parameters of aH# = 85.4 ± 1.7 kJ mol*1 and aS# = 
+ 104.1 ± 5.6 J K*1 mol*1 at 25 °C (figure 4.11). The rate constant for the slower, 
second stage could not be measured at this wavelength as very little absorbance 
change was involved. Thus, the reaction was then followed in the ultra-violet region 
at 290 nm (figure 4.12) using the same reactant concentrations. The second stage 
was involved with a larger percentage of the total absorbance change at this wave­
length, so that the rate constant was just measurable, though the change was not 
good enough to allow an accurate temperature dependence study. The observed 
rate constant for the second, metal independent step was 0.0132 ± 0.0004 s*1 at 25 
°C. All rate data are listed in Appendix 3.
43.4 The Complexation Reaction between Co2 + and PyN3 in dmso.
A very favourable absorbance change was observed in the electronic spectrum 
when the reactants were mixed, under pseudo first order conditions (figure 4.13). 
The reaction was followed at 333 nm, with 23  x 10*4 mol dm*3 PyN3 and 0.5-13 x
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Fig. 4.9 Electronic spectra of Ni2 + and Me3-PyN3 in dmso - visible region.
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Fig. 4.12 Electronic spectra for Ni2+ and Me3-PyN3 in dmso - U . V. region.
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Fig. 4.13 Electronic spectra of Co2-*" and PyN3 in dmso.
10*2 mol dm*3 Co2+ after mixing. A two step, consecutive first order process was 
observed, with both steps involving an increase in absorbance. Following the first 
step over 0.2 s, a first order dependence on the metal ion concentration was seen 
(figure 4.14), with a bimolecular rate constant of 1887 ±51 dm3 mol'1 s*1 at 25.0 °C, 
and activation parameters (figure 4.15) of aH# = 50.4 ± 1.2 kJ mol'1 and aS#  = 
-13.1 ± 3.9 J K'1 mol*1 at 25.0 °C. The second step was followed over 50 s, and an 
observed rate constant of 0.0511 ± 0.0042 s'1 was measured at 25 °C for the process, 
with no dependence on the metal concentration being observed. A temperature 
dependence study of this process proved too inaccurate to follow due to the small 
absorbance change involved. The reaction was not found to be affected by oxygen 
within the timescale of the measurements, as solutions prepared under N2 and in air 
gave identical results when the experiments were carried out under N2 and in air 
respectively. However, small changes in the electronic spectrum were observed after 
leaving a solution of the product in air for 2 hours. All rate data are listed in Appen­
dix 3.
4.3.5 The Complexation Reaction between Co2+ and Me-PyN3 in dmso.
Unlike the Ni2+ systems, incorporating a single methyl group onto the ligand 
causes a much more favourable absorbance change in the electronic spectrum on 
mixing the reactants (figure 4.16); with half the ligand concentration producing an 
equivalent absorbance change. The kinetics of complexation were followed at 323 
nm, with equivalent concentrations to the previous Co2+ study being used, where a 
biphasic process was again observed (figure 4.17), the data not fitting to a linear first 
order plot (figure 4.18). The bimolecular rate constant for the initial step was calcu­
lated as 1852 ± 14 dm3 mol-1 s*1 at 25.0 °C (figure 4.19), with no observable dissocia­
tion rate, the activation parameters being aH#  -  63.5 ± 3.2 kJ mol*1 and aS#  = 
+30.1 ± 10.6 J  K*1 mol'1 at 25.0 °C (figure 4.20). The second step was independent 
of the metal concentration, with an observed rate constant of 03347 ± 0.0085 s*1 at
25.0 °C, the activation parameters being aH# -  72.9 ± 1.1 kJ mol*1 and aS# =  -9.4
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Fig. 4.16 Electronic spectra of Co2 + and Me-PyN3 in dmso.
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± 3.6 J K*1 mol'1 at 25.0 °C, derived from an Eyring plot (figure 4.21). The effect of 
oxygen on the reaction was identical to the previous Co2+ study (4.3.4). All rate 
data are listed in Appendix 3.
4.3.6 The Complexation Reaction between Co2+ and Me3-PyN3 in dmso.
This time the absorbance change on mixing the reactants was far less favour­
able than for the mono-methylated ligand (figure 4.22). A biphasic process was 
again observed, the reaction being followed at 318 nm, with 2.5 x 10"4 mol dm'3 
Me3-PyN3 and 05-13 x 10"2 mol dm'3 Co2+ (after mixing). The calculated bimo- 
lecular rate constant for step 1 is 349 ± 4 dm3 mol'1 s'1 at 25.0 °C (figure 4.23), with 
no observable dissociation rate, and activation parameters of aH #  =  88.1 ± 23 kJ 
mol'1 and aS# = +99.2 ± 7.4 J  K '1 mol'1 at 25.0 °C (figure 4.24), the process dis­
playing a first order dependence on the Co2+ concentration. The second step was 
independent of the metal concentration, with an observed rate constant of 0.0199 * 
0.0003 s'1 at 25.0 °C, the small absorbance change not facilitating an accurate tem­
perature dependence study. The effect of oxygen on the reaction is the same for the 
previous experiments (43.4 & 43.5). All rate data are listed in Appendix 3.
43.7 The Complexation Reaction between Cu2+ and PyN3 in dmso.
The change in the visible spectrum on mixing solutions of the reactants under 
pseudo first order conditions is shown in figure 4.25. Little change occurred in the 
ultra-violet region. The reaction was followed at 568 nm, which was considered to 
be the point of maximum absorbance change. Concentrations studied were 5 x 10*4 
mol dm'3 ligand and 03-13  x lO*2 mol dm'3 Cu2+ (after mixing). A two step, 
consecutive first order reaction was observed. The observed rate constants for the 
first step were very fast and it was difficult to obtain consistent results, thus many 
more data were collected than usual in order to get accurate, averaged results. A 
study of the metal ion concentrataion variation for the first step, studied over 0.03 s, 
displayed a first order dependence on the Cu2+ concentration, with a bimolecular
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Fig. 4.22 Electronic spectra of Co2+ and Me3-PyN3 in dmso.
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Fig. 4.25 Electronic spectra of Cu2+ and PyN3 in dmso.
V
forward rate constant of 5070 ± 12 dm3 mol'1 s*1 and a large dissociation rate of 47.7 
± 0.2 s'1, both at 25.0 °C (figure 4.26). A temperature dependence study on step 1 
proved impossible to carry out as the readings fluctuated wildly at elevated tempera­
tures. It was not possible to reduce the reactant concentrations to help measure­
ments as decreasing the ligand concentration meant that there was insufficient 
absorbance change to measure, and reducing the Cu2+ concentration any further 
would produce second order kinetics. It was not possible to  measure the rate con­
stant for the second, slower step in the reaction owing to a very small absorbance 
change being involved. All rate data are listed in Appendix 3.
4.3.8 The Complexation Reaction between Cu2+ and Me-PyN3 in dmso.
The monomethylated ligand produced a much more favourable absorbance 
change in the visible region on mixing with Cu2+ in dmso than the unsubstituted 
ligand (43.7)(figure 4.27). The reaction was followed at 568 nm, the same wave­
length as before, using identical reactant concentrations as for the reaction of the 
parent macrocycle. A two step, consecutive first order process was again observed 
(figure 4.28), with both steps marked by an increase in absorbance, the first stage 
covering approximately 40% of the total change in absorbance. However, at 700 nm, 
the process displayed an increase in absorbance for the first stage, followed by a 
decrease in absorbance for the second, this time the first step covered approximately 
70% of the total absorbance change (figure 4.29). At 568 nm the first step of the 
reaction was found to possess a first order dependence on the Cu2+ concentration, 
with a bimolecular rate constant of 4274 ± 59 dm3 mol’1 s '1, and a dissociation rate 
of 44.9 * 03 s'1, both at 25.0 °C (figure 430). The activation parameters for these 
processes were aH#  *  59.4 ± 03 kJ mol'1 and aS# -  +23.8 ± 1.1 J  K'1 mol'1 at
25.0 °C for the forward reaction (figure 431) and aH#  »  44.4 ± 0.9 kJ mol'1 and 
aS# = -64.6 ± 3.0 J  K '1 mol'1 at 25.0 °C for the reverse reaction (figure 432). The 
second step in the reaction proceeded very slowly, and had to be followed over 200 s. 
The observed rate constant was independent of the metal ion concentration, with a
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Fig. 4.27 Electronic spectra  o f  Cu2+ and Me-PyN3 in dmso.
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value of 0.0098 ± 0.0014 s'1 at 25.0 °C. All rate data are listed in Appendix 3.
4.3.9 The Complexation Reaction between Cu2+ and Me3-PyN3 in dmso.
The fully methylated ligand produces an even more favourable absorbance 
change on mixing the reactants than those found in the less alkylated ligands (figure 
4.33). The peak in absorbance was slightly shifted this time, with the reaction being 
followed at 606 nm, though concentrations identical to those in the two previous 
studies were used again here. A two step, consecutive first order process was again 
observed, with both stages involving an increase in  absorbance. At 700 nm the 
absorbance change for the second step again decreased, with the first step involving 
a higher percentage of the total absorbance change than at 606 nm (see 4.3.8). At 
606 nm, the first step was found to possess a first order dependence on the Cu2+ 
concentration, with a bimolecular rate constant of 6276 ±118 dm3 m ol'1 s '1 and a 
dissociation rate of 18.6 ±1.1 s*1, both at 25.0 °C (figure 4.34). The derived activa­
tion parameters are aH# = 29.4 ± 0.7 kJ mol'1 and a S# =  -73.8 ± 2.4 J K '1 mol*1 at
25.0 °C for the forward process (figure 4.35), and a H # = 10.6 ± 0.4 kJ mol'1 and 
aS# *  -185.1 ± 1.3 J K'1 mol'1 at 25.0 °C for the reverse process (figure 4.36). The 
second stage of the reaction was much quicker than for the previous ligand, and 
could be followed over 10 s. The observed rate constant is 0.2589 ± 0.0051 s*1 at 25.0 
°C, the process being independent of the metal ion concentration. All rate data are 
listed in Appendix 3.
4.4 Discussion
The kinetics of complexation of PyN* Me-PyN3 and Me3-PyN3 all follow the 
typical biphasic process observed in the previous chapters.
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For the Ni2+ and Co2+ reactions no kd was observed, whereas for the Cu2+ 
reactions a large kd was seen.
The measured rate constants and activation parameters for the reaction of 
Co2+ with the three ligands under study are shown in Table 4.1.
Comparison of the data for PyN3 with that for cyclam (chapter 2), which has no 
rigid pyridine moiety, shows that the initial rate of reaction decreases by over 15 
times. This may be due to the decreased flexibility of the pyridine containing macro­
cycle or to steric effects. The much faster reaction rate of cyclam is due to a more 
favourable activation enthalpy (33 kJ mol'1). The m ore favourable entropy 
observed in the PyN3 system may be due to differences in ligand solvation; the struc­
tural differences between the two ligands will certainly play a  part in the entropy val­
ues, though the entropy does not control either reaction.
Table 4.1
Rate Constants and Activation Parameters for the Reactions of Co2+ with 
PyN3’s, 25.0 °, dmso, n =  0.1 mol dm*3, for errors see 4.3.
pyN3 Me-PyN3 Me3-PyN3
k, /  dm3 mol'1 s '1 1887 1852 349
k in /« '1 0.05 0335 0.02
0H (*/kJ mol'1 50.4 63.4 88.1
o S f '/ J K '1 mol'1 -13.1 +30.0 + 993
a G f /k lm o l '1 53.9 54.1 583
aH jnJ# /  kJ mol'1 - 72.9 -
a S ^ ' / J K '1 mol'1 - -93 -
a G i^ '/U m o l '1 - 74.8 -
The main enthalpy effects will be due to changing a secondary amine donor to 
a pyridine donor, this will undoubtedly affect the bond strength, ligand field and con­
formational enthalpies. Since cyclam reacts with Co24- via the Eigen-Willdns mech-
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anism in dmso the much reduced reaction rate of PyN3 may indicate that this mecha­
nism is inoperative, perhaps with the SCS mechanism coming into effect due to the 
increased difficulty of conformational/configurational changes in PyN3.
The effect of alkylation on the reactions of PyN3 with Co2+ in dmso can be 
seen in Table 4.1. Methylation of the nitrogen in the tram-position to the pyridine 
moiety has no effect on the initial reaction rate. The activation enthalpy for this 
reaction becomes less favourable on methylation. This trend is again observed on 
complete methylation of the ligand, where the very large enthalpy of activation con­
trols the reaction, reducing the initial reaction rate 5 times, despite a very favourable 
increase in the activation entropy. Thus, for the Co2+ reactions the change in acti­
vation enthalpy controls the reactions for PyN3, Me-PyN3 and Me3-PyN3 with 
increasing methylation favouring the entropy term but having an adverse effect on 
the enthalpy term, causing a marked drop in reaction rate on complete methylation. 
According to the nSf# values increasing methylation also produces increasing disso­
ciative character in the reactions. On this basis it would be expected that simple 
methylation would have little effect on the rate of a dissociative reaction, but this is 
not observed for the Me3-PyN3 reaction. Thus, considering the  great effect on the 
initial reaction rate of methylation at the amines in the cu-position to the pyridine 
moiety the rate determining step in the reaction mechanism may well involve the 
bonding between the Co2+ and these amines. Whether this involves initial binding 
or binding at the point of closing the first chelate ring is difficult to say. However, 
Schroder has recently published the crystal structure of a ligand very similar to those 
studied here (see later), and has shown that the lone pairs at the  two equivalent N-a- 
toms point out of the macrocyclic ring, whereas the pyridine and the remaining 
amine lone pairs point into the ring. If this arrangement is still found in solution 
then it would be easy to see that initial binding might occur a t the nitrogens where 
the lone pairs are most accessible, followed by configurational changes to facilitate 
further bonding.
The structure of the intermediate is difficult to determine. Certainly more
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than two nitrogen donors must be bonded to the Co2+ as the intermediate is stable 
enough to display no kd. On the basis of the cyclam results (chapter 2) it is tempting 
to suggest full ligand-to-metal co-ordination for the intermediate in a thermodynam­
ically unstable arrangement, requiring one or more N-inversions to produce the 
final, stable product. The exact nature of the final product has not been studied, but 
the electronic spectra suggest an octahedral environment for Co2+ for each of the 
ligands, and it is most likely that the macrocycles will bond in  a square planar 
arrangement in keeping with other tetraaza macrocycles. A number of different 
isomers are possible for the final product, with two being an enantiomeric pair (III &
^ M\ ^ H\
(i) (ID
/ ' ' N
V . y
d in (IV)
Thus, due to the lack of knowledge concerning the structures of these com­
plexes in dmso solution it is difficult to decide exactly what rearrangements occur in 
the second, slower step. Certainly kjn, shows no correlation with the degree of 
ligand methylation and this may suggest a number of reaction steps and/or more than 
one type of reaction. Perhaps the intermediate has more than one path for rear­
rangement, the exact isomer formed depending on which N-inverts. The possibility 
of folded macrocycle intermediates cannot be ruled out (see chapter 2) as the ligand 
must surely form such a species at some stage during the reaction. A change of co­
ordination number may also occur, with a square pyramidal intermediate being 
formed. The second reaction step almost certainly involves different processes for 
the reactions of the three ligands and so the possibility of more than one type of 
intermediate arises. Probing the mechanism of these reactions beyond the initial, 
rapid step is clearly a very demanding task.
-113-
V
The results for the reactions of Ni2+ with the three ligands are listed in Table
4.2.
Table 4.2
Rate Constants and Activation Parameters for the Reactions o f  Ni2+ with PyN3’s. 
25.0 °C, dmso, n = 0.1 mol dm-3, for errors see 43.
pyN3 Me-PyN3 Me3-PyN3
kf / dm3 mol'1 s'1 442 443 1850
W s - 1 0.0354 0.0127 0.0132
a H f '/k J m o l1 83.6 77.1 85.4
aSf# / J K 1m or1 + 86.0 + 64.2 +  104.1
nGf'  / kJ mol-1 58.0 57.9 54.0
Comparison of the rate constant for reaction of Ni2+ with PyN3 to the same 
reaction with cyclam (chapter 2) shows that the replacement of a secondary amine 
with a pyridine moiety only reduces the rate by 3.7 times which is n o t as great as the 
effect found for the Co2+ system. As with the Co2+ reaction the activation 
enthalpy and entropy here are both greater than the reaction with cyclam, though the 
differences are much greater for the Ni2+ reactions, with the enthalpy being less 
favourable by 34.6 kJ mol-1 and the entropy being more favourable by 103.6 J K 1 
mol’1. Thus the steric and flexibility constraints of PyN3 have only a  small effect on 
the rate constant, at 25 °C, but a very large effect on the activation parameters.
Considering the small effect on the reaction rate from the increased rigidity 
the Eigen-Wilkins mechanism may still be operative for the Ni2+ reaction. The 
reaction is certainly dissociative in character, though the large enthalpy required for 
activation reflects the energetic expense of the more rigid ligand compared to 
cyclam.
Methylation of the amine in the fra/u-position to the pyridine moiety has little 
effect on the reaction rate with Ni2+, as was observed with Co24-. The activation
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enthalpy is slightly more favourable than for PyN3, and the entropy is slightly less 
favourable, with the result that the reaction rate constant for the Me-PyN3 reaction 
is unchanged. On full methylation the activation enthalpy is little affected, but the 
entropy term becomes dominant and actually causes a large increase in the reaction 
rate compared to the less methylated ligands. The rate constant for the M e3-PyN3 
reaction is actually slightly larger than that for the reaction with cyclam. This behav­
iour seems very strange at first as Ni2+ is reacting faster than Co2+ with this ligand 
in the initial stage of the reaction, and it is difficult to conceive increasing steric hin­
drance by methylation causing an increase in reaction rate.
An explanation for this apparent anomaly lies in the structural changes 
involved during the reactions. The Ni2+ complexes of PyN3 and Me-PyN3 are 
known to be low-spin square planar complexes,251*252 whereas the Me3-PyN3 com­
plex is a paramagnetic square pyramidal structure in co-ordinating solvents, with a 
solvent molecule taking up one of the equatorial positions and the macrocycle hav­
ing a folded arrangement.253 In terms of isomers, four are again possible for the
Ni2+ complexes.
U p  '
..-iS x .» &tfc r cp~
Moore et al253 concluded that isomer (I) was a kinetically formed first product,
which underwent slow isomerisation to isomer (II) in co-ordinating solvents and in 
the presence of other monodentate ligands. Barefield et al255 studied this isomeri­
sation process in aqueous solution. They suggested that the reaction occurred via 
inversion of a tertiary nitrogen and observed various effects on addition of base or 
NaC104. They noted that there may be alternative pathways for isomerisation 
depending on the base used.
-115-
The rate constant for this process in 1:10 (v/v) acetone/water at n =  0.1 mol 
dm 3 (NaC104) and 298 K is ca. 0.01 s*1. This is the same as the rate constant for the 
second stage of the Me3-PyN3 reaction under similar conditions in dmso and so may 
suggest that isomer (I) is the intermediate formed in this reaction. This would cer­
tainly account for the fact that no dissociation process was measurable for the initial 
reaction step. The rate constants for the second step in the reactions of PyN3 and 
Me-PyN3 with Ni2+ are also similar to the value for the N-inversion process. The 
structures of these complexes are likely to be similar to isomer (I) w ith the 
N-H/N-Me’s all on the same side of the macrocyclic plane.252’256 Thus, the second 
reaction steps for the reactions with PyN3 and Me-PyN3 may involve isomerisations 
of the type III or IV to I, alternatively a folded macrocyclic intermediate may occur 
which isomerises to the final product. Thus, the effect of methylation on the reac­
tions with Ni2+ indicates that the reaction with Me3-PyN3 must react via a different 
pathway to the PyN3 and Me-PyN3 ligands, thus causing an apparent anomaly in  the 
reaction rates.
With the reactions of PyN3, Me-PyN3 and Me3-PyN3 with Cu2+ in dmso dif­
ferent kinetic behaviour is observed from the Ni2+ and Co2+ systems. A large con­
tribution from the dissociation rate on the kinetics of the initial, rapid process is 
observed, indicating the formation of a much less stable intermediate. The rate con­
stants and activation parameters are listed in Table 4.3.
The reaction of Cu2+ with PyN3 has a rate constant almost the same as tha t for 
the reaction with cyclam (chapter 2). Thus, the pyridine ring seems to have no 
effect on the reaction rate with Cu2+ in dmso. This seems startling, unless the reac­
tion proceeds via a truly dissociative process. Whether or not cyclam reacts via the 
Eigen-Wilkins mechanism with Cu2+ in dmso has already been discussed in chapter 
2. Unfortunately, the activation parameters for the PyN3 reaction could n o t be 
measured (see 43.7) and so no comparison can be made with cyclam regarding this 
information.
The effect of methylation on the reactions of PyN3 is tabulated in Table 4 3 .
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Table 4 J
Rate Constants and Activation Parameters for the Reactions of Cu2+ with PyN3’s.
25.0 °C, dmso, n = 0.1 mol dm*3, for errors see 4.3.
PyN3 Me-PyN3 Me3-PyN3
kf / dm3 mol'1 s '1 5070 4243 6196
kd / s '1 47.7 44.5 183
kjut/S'1 - 0.0098 0359
i H ^ / k l m o l 1 - 59.4 29.4
i S ^ / J K 'm o l 1 - + 23.8 -73.8
iG f*  / Id mol'1 - 51.8 513
oHd# / kj mol'1 • 44.4 10.6
ûSd# / J K'1 mol'1 - -64.6 -185.1
ûGd# / kj mol'1 - 63.4 65.8
Increasing méthylation seems to have little effect on the rate constants of com­
plexation for the reactions. The dissociation rate constants observed are equivalent 
for PyN3 and Me-PyN3 but the value is reduced by more than half for the fully meth­
ylated ligand. Thus, although méthylation at the two equivalent nitrogens seems to 
have little effect on the forward rate constants, a noticeable effect is present in the 
reverse rate constants, again displaying the importance of this site in the kinetics.
The activation parameters for the Me-PyN3 and Me3-PyN3 reactions show 
great diversity. For both forward and reverse processes the Me-PyN3 reactions are 
marked by favourable entropies of activation and unfavourable enthalpies of activa­
tion compared to the Me3-PyN3 reactions. Large differences in the values may indi­
cate the presence of different pathways in the mechanisms of the two ligand reac­
tions, perhaps with different co-ordination number changes. A multistep process is 
indicated by the activation parameters of the dissociation rate constant for the 
Me3-PyN3 reaction (see 3.4).
The stability constants calculated for the initial reaction are all very similar,
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with log10K ca. 2.0 for PyN3 and Me-PyN3 and ca. 2.5 for Me3-PyN3 (at 25.0 °C and 
H = 0.1). This suggests a similar intermediate for all the reactions. With such low 
values the intermediate cannot involve Cu2+ bonding to more than one nitrogen 
atom as the chelate effect would produce higher stabilities. The apparent lack of any 
large effect of ligand methylation on the stability constants might indicate that the 
intermediate involves bonding to the pyridine nitrogen, since this is not methylated. 
However, since 2,6-lutidine is well known as being too sterically hindered to bond to 
Cu2+, such an intermediate is extremely unlikely to form considering the even 
greater 2,6-steric hindrance involved in these ligands. Thus, the intermediate must 
involve co-ordination to one of the other two types of amine present in the macro- 
cycles. In view of the effect of methylation at the amines in the cw-position to the 
pyridine on the dissociation rate it is therefore suggested that the intermediate 
involves co-ordination at this point, with methylation making dissociation more diffi­
cult and producing a slightly more stable intermediate. In view of the lack of trend 
in the formation constants the rate determining step is probably not bonding of the 
Cu2+ to these nitrogens as occurs with the Ni2+ and Co2+ reactions.
Thus, the initial reaction probably involves attack at the axial position of a 
Cu2+ ion by the appropriate nitrogen.
The visible spectra of the final products are as expected for planar CuN42+ 
chromophores, with the magnetic moment of [Cu(Me3-PyN3)]2 + in the range
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expected for high- spin Cu(II) complexes.251'253 Thus, the second stage of these 
reactions represent a number of steps in the mechanism, probably involving the for­
mation of folded intermediates (see chapter 2). Due to the complexity of these pro­
cesses the rate constants for the second step show no real trend on increasing ligand 
methylation. The first step in the process designated by kjnt may be Jahn-Teller 
inversion to bring the bound nitrogen into the equatorial plane of the Cu2+ ion. 
Such inversions are usually rapid257 although in the case of Cu(OH)3' reacting with 
cyclic and open-chain polyamines in basic aqueous media Jahn-Teller inversion fol­
lowing the first bond formation was proposed as the rate determining step.93 The 
slow inversion was considered to be due to inhomogeneity in the inner co-ordination 
sphere. Thus, this is unlikely to occur here, and so rapid inversion may occur prior 
to formation of the intermediate so that the intermediate involves a Cu-N equatorial 
bond. Presumably the closing of the first chelate ring is therefore very favourable 
in the reactions of the ligands with the Ni2+ and Co2+ reactions and so these ions 
do not experience such mechanistic problems.
The range of mechanistic behaviour displayed by the three ions reacting with 
PyN3, Me-PyN3 and Me3-PyN3 is illustrated in Figure 4.37. The Co2+ reactions are 
the most straightforward, with methylation at the amines in the cu-position to  the 
pyridine moiety causing a severe drop in initial reaction rate. For Ni2+ the same 
ligand (Me3-PyN3) reacts with a much larger rate than for the lesser methylated 
ligands and this can be explained by a change in complex geometry. For the Cu2+ 
reactions an unstable intermediate is formed, with Me3-PyN3 producing the most 
stable intermediate. The importance of methylation at the amines in the cu-position 
to the pyridine is apparent for all three ions. This suggests initial attack at these two 
equivalent nitrogens for all three metals. Crystal structures of a related dimethy- 
lated ligand show lone pairs pointing out of the macrocyclic cavity for the two amines 
cis-to the pyridine, but lone pairs pointing into the cavity for the pyridine and the 
amine trans-to the pyridine (figure 4.38).254’258
There are no data regarding the conformations of these ligands in solution but
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Fig. 43 1  Variation of kf for initial reaction on ligand méthylation.
Fig. 438 Crystal structure of free ligand related to PyNj.23*
Moore et al noted that benzylation of PyN3 occurred preferentially at the two nitrog­
ens cis-to pyridine.251 The steric hindrance of the nitrogen trans- to pyridine is 
clear from the crystal structures and thus this is good evidence for retention of con­
formation on solvation, though the conformation may well be solvent dependent. 
The kinetic data discussed in this chapter also lend weight to the idea of retention 
of conformation in solution.
Kaden and Schultz-Grunow112 concluded that the introduction of a pyridine 
ring into an N4 macrocycle did not produce a dramatic effect on the reaction rates 
with Co24-, Ni2+, Cu2+ and Zn2+ in water, with rates being only 10-100 times 
smaller than cyclam. These authors were studying mainly monoprotonated ligands, 
the effects of protonation differing for the pyridine containing and the pyridine 
absent N4 macrocycles. Our results, being carried out in dmso, have no such proto- 
nation problems and show that for the unprotonated ligands the effect of introducing 
a pyridine ring is much smaller, with no effect on the forward rate constant observed 
for the Cu2+ reactions, and a variety of mechanisms required to explain the kinetic 
behaviour.
Further work which could be carried out on these systems would be to investi­
gate the structures of the intermediates using rapid scanning UV/visible spectro­
metry. It would be interesting to study the kinetics of the more substituted ligands 
such as the di- and tri-benzyl substituted PyN3. These ligands are known to bond to 
Ni2+ in a square pyramidal from with folded macrocycles as Me3-PyN3 does with 
Ni2+. Thus, the kinetics of complexation may well follow the behaviour of the ano­
malous Ni2+/Me3-PyN3 reaction. The Cu2+ complexes of these ligands are still 
square planar251 and so should follow the behaviour of reactions with less substi­
tuted ligands.
PyN3 and related ligands have formed the basis for the preparation of a num­
ber of pendent arm macrocycles, with arms capable of co-ordination to a metal 
ion.259-263 Thus, the knowledge of the kinetics of pendent arm ligands (chapter 3) 
and PyN3 ligands (chapter 4) could be extended to a study of the kinetics of pendent
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arm PyN3 ligands to see if any similarities or deviations arise.
The PyN3 work could also be extended to a study of the PyN4 ligands which 
have recently been reported264’265 to study the effects of larger ring size and extra 
donor atoms on the kinetics of complexation.
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Chapter 5
A Study of Amine Modified Silica Gels
5.1 Introduction
Silica gel (SiOz) is one of the most versatile and widely used materials for the 
support of metal complexes for catalysis, l ik e  most inorganic oxide supports it relies 
on its surface covering of hydroxyl-groups to attach metals and ligands. The highly 
polar surface of S i02 is usually undesirable in a catalyst and the surface hydroxyls 
can be removed by reaction of a suitable non-polar lipophilic molecule, such as t-bu- 
tyldimethylchlorosilane, which makes the surface highly stable to hydrolysis.266 In 
this fashion SiOz can be modified using a wide variety of silanes, and these silanes 
can be modified further, thus providing the ability to tailor the surface to specific 
purposes. Understandably modified silicas are of great importance in a variety of 
fields including phase-transfer catalysis,267 preconcentration of trace metals, 268 
enzyme immobilisation,269 chromatography270*272 and chemical photoconver­
sion.273»274 Due to the unquestionable importance of Si02 and its derivatives there 
has been a considerable amount of work devoted to understanding the surface pro­
cesses involved.
5.1.1 Silica Gel:- Surface Structure and Metal Binding.
The exact nature of the surface of a silica gel depends largely on its chemical 
and physical history, in particular the method and conditions used to prepare the gel 
and any modifications, either by thermal or chemical means. The heterogeneity of 
the surface is due to a variety of surface adsorption sites. Thermodynamic aspects of 
this heterogeneity have been studied.275»276
The surface-active groups on silica are of two distinct types; siloxanes (Si-O-Si) 
and silanols (Si-OH),277»278 though the latter are the most important on the majority
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of synthetically prepared silica gels, in terms o f reactivity and surface accessibility. 
I.R. and nmr studies have identified a number of different types of silanol groups. 
There are the "free" Si-OH groups, which are physically and chemically active since 
they are isolated from other species and so are incapable of significant surface 
hydrogen-bonding. These possess a sharp peak at ca. 37S0 cm*1 in the infra-red (fig­
ure 5.1). They are mainly single hydroxy silanol sites (Si-OH) but also include gemi- 
nal hydroxyl silanol sites (Si(OH)2).279 These two types of silanol can be distin­
guished using »Si CP/MAS nmr280 (figure 5.2). "Bound" Si-OH groups are strongly 
hydrogen-bonded to water on the gel surface. Since these will be involved in varying 
degrees of hydrogen-bonding the I.R. spectrum shows a broad band around 3400 
cm*1, which includes the stretching modes from the physically adsorbed water (figure 
5.1). »Si CP/MAS nmr makes no distinction between these two types of single 
hydroxy silahol groups. A third type of silanol group is the "inner" or "intraskeletal" 
silanol, which lies inside the closed pores and/or in the gel matrix. These are chem­
ically inactive and the exact frequency at which they resonate in the I.R. spectrum 
very much depends upon the conditions of synthesizing the gel.279*281*284 Proton 
nmr has also been used to distinguish between the different types of silanols.285 
Using various sophisticated nmr techniques Maciel et al observed that there were 
three types of protons present in untreated silica gels, corresponding to the 
H-bonded SiOH, the isolated SiOH and physically adsorbed water (figure 53), the 
water could be removed simply by evacuating the gel at room temperature.
Since the exact nature and abundance of silanol sites on the surface of silica 
gels differs depending on the type of gel used and these sites are of great importance 
in the chemistry of the surfaces, work has been carried out to  find a convenient 
method of determining the surface concentrations of the silica hydroxl-groups. 
Early attempts included measuring the am ount of methane gas given off when 
CH3MgI or LiCH3 was reacted with the silica gel surface.286*287 Other methods 
include deuterium exchange mass spectrometry288 and infra-red spectroscopy.289 
More recent work has largely centred on nmr techniques. Davydov et al 290 used
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Fig. 5.1 I. R. spectra of heat treated  silica gel.276
Fig. 5.2 CP /  MAS ^ S i nm r spectrum  o f  Fisher S-157 silica gel.292
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Fig. 5 J  187 MHz »H CRAMPS spectra o f F isher S-«79 silica gel.285
proton nmr to measure the total content of hydroxy-groups in a sample of silica gel. 
This value could be split into contributions from surface and intraskeletal group>s by 
reacting the surface groups with heavy water vapxmr, and measuring the change in 
the nmr signals. Maciel et al have used ^Si CP/MAS nmr to determine the surface 
OH content in various silicas291 by reacting the hydoxyls with a silylating agent 
(HMDS - hexamethyldisilazine).292'293 However, Fyfe et al recently challenged 
some of Maciel’s results,294 claiming that the resonances of bulk silicons with four 
siloxane bonds are not quantitative due to the excessively long cross polarization 
relaxation times, although the data concerning the surface group» are still valid. In 
this case the authors used the MAS technique on its own to produce quantitatively 
reliable data concerning both surface and bulk structures (MAS is required for the 
resolution of the p>eak structures). A typical value for silanol group concentration is 
in the order of 7.5 ¿¿mol n r2 or 4.2-S.7 hydroxyls nm*2.295 Using ^S i nmr also has 
the added advantage that structural information about the silicon atoms is obtained. 
The relative intensities of (HO)2Si*(OSi)2; (HO)Si*(OSi)3 and Si*(OSi)4 can easily 
be determined by Gaussian deconvolution of the sp>ectra (figure 5.4). Thus, an 
"average" structure of a silica gel can be determined (figure 5.5).
Also of paramount importance in the chemistry of silica gel is the effect that 
temperature has on the number of surface silanol sites. This is because simply by 
heating gels a weight loss occurs due to the evolution o f water, both from physically 
absorbed water molecules and from condensation reactions of adjacent hydroxyl 
group». Thus, a study of the processes of dehydration and rehydration can give vital 
clues for the development of a theoretical model to describe the Si02 surface.
There are three temperature regions of importance in the thermal modifica­
tion of silica surfaces.278 Heating of silica gels up to 115 °C or evacuation at room 
temperature removes the majority of physically adsorbed water, though complete 
removal of the bound water does not occur until heating to higher temperatures. 
The exact temperature involved depends largely on the p>ore structure of the gel, 
with narrow pore silicas requiring the most extreme conditions, up to 300 °C in some
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Fig. 5.4 Quantitative ^ i  MAS nmr spectra o f surface treated silica gel.294
Fig. S J Average structure of Fisher S-157 silica gel.®*
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cases296 (experimental data suggest the presence of a strongly bound monolayer of 
water, directly interacting with the silanols, covered by two or more weakly bound 
water layers which interact through the primary layer319). At around 200 °C the 
reversible condensation of adjacent hydroxyl groups occurs, forming siloxane species 
and molecular water;
H  H 200-400 °C 
Si Si ^  Si Si
h 2o
This dehydration occurs progressively from the strongest to the weakest hydro­
gen-bonded silanols with increasing temperature. The rehydration of the siloxanes 
is relatively easy at these temperatures, though the siloxane bonds are known to be 
hydrophobic298 and probably act as poor sites for the initial adsorption of water. 
Rehydration may thus occur via initial association of water molecules with neigh­
bouring (uncondensed) hydroxyl groups, and so the kinetics of rehydration would be 
dependent on the extent of condensation.298»299 Thus, at temperatures higher than 
400 °C rehydration becomes very slow and the reaction becomes essentially irrever­
sible; indeed, Agzamkhodzhaev et al300 found that a surface dehydrated at 900 °C 
for 10 hours required several years of standing in liquid water at ambient tempera­
ture to become fully rehydrated. An alternative explanation of this behaviour is that 
at 200-400 °C the condensation reaction forms "strained" siloxane species which are 
easily rehydrated to the silanols. At temperatures greater than 400 °C these 
"strained" species rearrange to a more stable configuration, which is thus harder to 
rehydrate.301
Although thermal modification below 400 °C occurs with little change in spe­
cific surface area, at temperatures between 600 and 1100 °C, the silica gels begin to 
sinter and become fluid-like, causing a loss of specific surface area. This occurs at 
between 600 and 800 °C,302 thus making silica gels thermodynamically less stable 
than more crystalline silicas, such as aerosil, carbosil and quartz. In this temperature 
region further dehydroxylation of previously unreacted silanols has been suggested, 
perhaps with migration of internal silanol groups to the surface.286»296 However, in a
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more recent investigation, using ^Si CP/MAS nmr, Maciel and Sindorf established 
that a significant density of hydroxyl groups remain at temperatures up to 1100 °C, 
with about 90% of the original hydroxyl groups being removed by condensation.291 
Figure 5.6 shows the effect of heating on the bulk hydroxyl density in a sample of sil­
ica gel, determined by ^ i  nmr and by direct weight loss measurement. The differ­
ence in the two sets of data at low temperatures probably indicates the presence of 
tightly bound, physically adsorbed water molecules even at temperatures up to 250 
°C
Boudreau and Cooper276 used pyridine as a basic probe on unsilanized and 
silanized (HMDS) silica gel to show that gels pretreated at 400 °C were much more 
chemically reactive than those pretreated at 180 °C, due to the removal of hydrogen- 
bonding interactions; and thus increasing the surface homogeneity for a more effi­
cient bonded liquid chromatography stationary phase. Thermal pretreatment at 840 
°C also produced increased reactivity, but the sintering that occurred meant that the 
gel was no longer useful for chromatography.
These studies of de/rehydration have helped to determine an accurate model 
of silica gel surfaces. Original X-ray work on silicas suggested that the structure 
most closely resembled 0-cristobalite and similar crystalline phases303 and thus all 
proposed models use this similarity as a basis. The first model of the silica surface 
was based on the 111 face of 0-cristobalite. DeBoer and Vleeskins304 suggested an 
ideal surface, with hydroxyl groups about 5 A apart and arranged in a hexagonal 
array (figure 5.7). They suggested that by dehydrating and rehydrating reorganiza­
tion would cause any surface irregularities to be removed thus producing a thermally 
stable surface structure. Hockey303 later revised this model to try to explain meas­
ured hydroxyl densities. He suggested a more varied structure, composed of both 
geminal and single hydroxyl groups. On dehydration the geminal hydroxyls would be 
easily condensed to form a more regular, though more strained, surface (figure 5.8). 
At sufficiently higher temperatures the lattice strain could be relaxed. These models 
do not explain the presence of substantial amounts of "paired" hydroxyls, which exist
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Fig. 5.6 Bulk hydroxyl density as a function of temperature.291
V

Fig. 5.8 Hockey model of the surface of silica gel.292
even at higher temperatures, since all OH’s are separated by at least 5 A. Thus, Peri 
and Hensley306 proposed a surface which was sim ilar to the 100 face of 
0-cristobalite, where each surface silicon is connected to a geminal pair of hydroxyl 
groups (figure 5.9). They proposed the random condensation of hydroxyl groups 
along surface rows on dehydration, forming both geminal and vicinal hydroxyl pairs. 
However, this model does not suggest a mechanism for the formation of isolated 
single hydroxyls. An alternative suggestion was for a surface similar to the 111 face 
of 0-cristobalite. This could account for the presence of single hydroxyls, vicinal 
hydroxyl pairs and condensation of adjacent hydroxyl groups, but does not account 
for the existence of geminal hydroxyl groups. To clear up these inconsistencies Sin- 
dorf and Maciel292 have recently proposed, on the basis of ^ S i CP/MAS nmr data, 
that the surface of silica is more heterogeneous than previously suggested, and may 
contain segments resembling both the 111 and 100 faces of 0-cristobalite (figure 
5.10). This explanation seems to fit the available data well, and suggests that for sur­
faces heated to moderate temperatures, the elimination/restoration of geminal sites 
by de/rehydration is a reversible process.
Silanol groups are capable of complexing a variety of metal ions. They are 
acidic, with a pKg of between 4 and 7,307 and can thus cause precipitation of metal 
hydroxides in some cases. The precise amount of metal ion taken up onto the silica 
gel surface depends greatly on the pH, in aqueous solution (figure 5.11).
A good deal of work has been done on the complex formation between inor­
ganic oxides and various Cu2+ complexes in water.308' 310 With silica gel and 
aquated Cu2+ ions, both mono- and di-silanol complexes are formed;
mono-silanol:£Si-OH + Cu2+5^(SiO)Cu+ +  H +
log'Ki* -  -4.89 ± 0.23 (Aerosil 300, S -  248 ± 5 m2 g-», 25 °C, 0.1 M NaNOj).
di-silanol: 2=Si-OH + Cu2+^ ( S iO ) 2Cu0 + 2H +
log*02* “  -10.18* 0.04 (identical conditions)309
(total amount of copper attached -  3.9 /imol g*1 at pH 7).
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Fig. 5.10 Sindorf and Maciel model of the surface of silica gel.292
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Fig. 5.11 Metal extraction onto silica gel as a function of pH.
Three-site attachment is extremely unlikely due to the low surface density of 
hydroxyl groups. Using ligands like en and bipy tends to stabilise the surface com­
plexes. Recently, Zelewsky and Bemtgen311 used esr spectroscopy to carry out a 
thorough study of Cu2+ complexes on silica gel surfaces. They found that esr can 
easily distinguish between the freely tumbling complexes in solution and the immo­
bilised adsorbed species. Using Aerosil 300 they discovered that the adsorption of 
Cu2+ followed the deprotonation curve of the SiOH groups (figure 5.12), with the 
amount of Cu2+ adsorption being 1.5 x 10*5 mol g'1 at pH 7 (this value is about 4 
times higher than that found by Bourg e t al309). Using different ligands affected 
greatly the adsorption of Cu2+. N-chelating ligands with conjugated it systems 
(bipy, phen, terpy) were found to enhance the adsorption of Cu2+ by the formation 
of ternary surface complexes (figure 5.13), whereas aliphatic amines, such as en, 
were found to reduce the adsorption.
Fig. 5.13 Proposed structure of Cu(bipy)2(SiO')2 surface complex.311
Unsaturated N/O containing ligands (e.g. a-picolinate) formed less stable sur­
face complexes than the N chelating ligands, though generally neutral or negatively 
charged complexes were not absorbed at all at high pH values. The observations 
could be explained by four different modes of adsorption. For the ligands with con­
jugated ic systems a co-ordinate bond formation between Cu2+(aq) and SiO* groups 
is proposed. At low pH, bonds between cij-CuL2n+ complexes and SiOH are 
formed for bipy and phen (with 2 donors). Hydrogen bonds are also formed, 
between SiOH and suitable groups in CuL complexes, e.g. the oxime oxygens in 
Cu(DOHDO-pn) + (3,9-di methyl-4,8-diazaundeca-3,8-diene-2,10-dionedioxime). 
Purely electrostatic binding also occurs, between SiO‘ and CuL*2+ complexes, such
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Fig. 5.12 Adsorption of Cu2+ (top) and SiO* concentration (bottom) as a function 
of pH.311
as Cu(cyclam)2+ and Cu(terpy)22 + , where cis-Cu2+ sites are not available for bond­
ing.
Many metal complexes bound to the surface of silica gel have found great use 
in catalytic processes. Organometallic compounds such as Zr, Hf, Cr, Ni allyls, Ti, 
Zr, Hf benzyls, Ti, Zr neopentyls, Cr cyclopentadienyls and Cr arenes reacted with 
silanol groups form Si-O-ML,,.! bonds and supported metals of this kind are used to 
great effect in the catalysis of the Ziegler-Natta polymerisation of olefins. Only a 
fraction of the metal atoms on the surface generate catalytically active sites, and so it 
is the nature rather than the number of immobilised species that is important. The 
exact nature of the support is also of paramount importance in the process of cataly­
sis. With chromocene the silica stabilises the chromium in a co-ordinatively unsatu­
rated state thus producing a highly active catalyst.312
[Zr(C3H5)4] reacts with silanol groups to form a mixture of mono- and di- sila­
nol complexes, in the same way that Cu2+ does. A variety of metal carbonyls can 
also bond to the surface of silica to form active catalysts,313*314 forming many types 
of subcarbonyl species. The structures and mechanisms involved in all these pro­
cesses are beyond the scope of this thesis, for a more detailed account of this subject 
see references 315 and 316.
5.1.2 Modified Silica Gels:- Syntheses and Metal Binding.
The importance of unmodified silica gel is unquestionable (5.1.1), but the 
chemically active surface silanols allow modification of the gel surface via silylating 
agents thereby opening up a whole new field of study. These modified silica gels 
offer a number of important technical properties such as non-swellability, thermal 
and mechanical stability and high rates of equilibrium attainment. A large variety of
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silanes and ligating silanes have now been attached to silica gel. Many research 
groups have concentrated on the introduction of phosphine groups onto the surface 
of silica for the subsequent attachment of metal complexes. Work has centred on 
two basic approaches, which differ only in the order of the steps;315
(a) {Si02}-0H + X3SiCH2CH2PRR’—>{Si02}-0-Si-CH2CH2PRR’ 
{SiO^-O-Si-CHzCHjPRR’ + ML^—»{Si02}-0-Si-CH2CH2PRR’MLn l 
(X -  EtO, Cl; R -  R’ -  Ph; R -  Ph, R’ -  methyl)
(b) (EtO)3SiCH2CH2PPh2 + MLB-* (E tO )3SiCH2CH2PPh2MLB_1 
(EtO)3SiCH2CH2PPh2MLn.1 + {Si02}-0H ->  {Si02}-0-Si-CH2CH2PPh2MLn_1
Numerous patents have been taken out on these types of materials. The first 
approach was reaction (a), because it has many advantages; the range of bridging 
groups can easily be varied from the simple -CH2CH2- to higher aliphatics or aro­
matics, also, by bonding ligating molecules onto a surface they become rigidly orien­
tated preventing molecular interactions, thus any metal complexes which are unst­
able in solution will be stable on the modified surface as dimerisation etc. cannot 
occur. Finally, the environment of the catalytic sites can be controlled in terms of 
polarity by either leaving unreacted silanol groups or by "end-capping" using other 
silylating agents. Reaction (b) was introduced to try to get around the difficulty of 
determining the precise nature of the catalytic site in reaction (a). The theory was 
that the complex can be isolated and characterised by standard methods prior to 
bonding to the silica surface, though in practice the complexes tend to be oils rather 
than crystalline. The preparation of the phosphinated silylating agents in both of 
these reactions can often be quite demanding,317 particularly when chiral centres on 
multidentates are involved. Indeed, much difficulty was experienced initially in puri­
fying simple bidentate phosphines with -SiR3 groups. One route suggested to obvi­
ate this problem was;318
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(EtO)2MeSi(Cm,NH2 + Si02— {Si}-(CFU3NH2
{Si}-(CHJ3N
though a number of multidentate phosphinated silylating agents have now been 
synthesized,319 including;
Many other strategies have been devised for the phosphino-modification of sil­
ica gel. One method involves building the -Si-O-Si- backbone around a trialkoxysi- 
lylphosphine to produce a non-linear polymer;316
(EtO)3SiCH2CH2PPh2 + Si(OEt)4 —»{Si}-CH2CH2PPh2
Alternatively, silica gel may be phosphinated using phosphorus trichloride to 
produce a silica containing -PC12 groups on the surface, subsequent treatment with 
RXH (R = alkyl, aryl, X *  O, S, NHR’) yields a silica with a donor surface. Silica 
may also be derivatised to contain hydroxyl groups as a glycophase (e.g. 
{Si}-OCH2C(OH)2CH2OH). These groups can then be functionalised using multi­
dentate phosphines.
A  more general route is available through the chlorométhylation of the silica 
surface using Me2ClSiCH2Cl, in a manner analogous to chlorométhylation of poly­
styrene.320 Subsequent reaction with NaCH(CH2PPh2)2 yields a supported bidentate 
phosphine.
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Although much of the early work on silica supported ligating groups was car­
ried out on phosphines, most of the above syntheses can be used to attach a variety 
of donors to the silica surface. There has been alot of interest in recent years in the 
modification of silica gel using amine containing ligands due to their great affinity 
for metal complexation and their high complex stabilities. Simple amino- 
functionalised silica gels are usually prepared from the reaction between an amino 
containing silylating agent and {Si}-OH, in an analogous manner to the phosphines 
(reaction (a)). Though again alternative synthetic routes have appeared. A large 
number of different functional groups have been attached to silica, including pyridyl, 
morpholino, piperidino, pyrrolidino, Schiff base, cyano, thiol and cyclopenta- 
dienyl.315
Amine-modified silica gels have been found to be particularly useful as pre­
concentration agents for trace metals when chelating groups are used. Leyden and 
Luttrell268 studied a range of immobilised chelating functional groups. Primary and 
secondary amines and ethylenediamine were bound to silica gel via silylating rea­
gents and subsequently further functionalised to their dithiocarbamate derivatives. 
The syntheses were simple to carry out and the resulting reagents were tested for 
stability, metal capacity, rate of metal uptake and pH dependence of metal uptake. 
All the materials were found to be stable in water at room temperature in a mid-pH 
range. The silanol groups themselves are unstable at very low and very high pH val­
ues, undergoing acid and base hydrolysis. The amine-modified silica gels become 
unstable when heated for over an hour at temperatures of 150 °C, the resins becom­
ing yellow, probably due to oxidation to some kind of bound nitrogen oxide. The 
dithiocarbamate derivatives are much more unstable. In acidic solution, below pH 
2.5, carbon disulphide is released. The gel containing two dithiocarbamates per 
ligand was considered to be more stable than the gel with only one dithiocarbamate 
per ligand.
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(1) {Si}-(CH2)3-N(CH3)H (4) {Si}-(CH2)r N(CS2 )-CH3
(2) {Si}-(CH2>3-NH2 (5) {Si}-(CH2)3-NH-(CH2)2-NH-CS2*
(3) {Si}-(CH2)3NH(CH2)2NH2 (6) {S iJ-iC H ^N iC ^ H C H ^ N H C ^-
The capacity of the modified gels for H2, Zn2+ and Cu2+ was measured. The 
amount of dithiocarbamate ligands was determined by an iodine titration. The 
amount of H +/metal uptake in gels (l)-(5) varied little, being 0.47-0.53 mmol g'1, 
whereas for gel (6) the amount was almost doubled, with 0.94 mmol g'1 Zn2+, 0.97 
mmol g'1 Cu2+ and 1.00 mmol g '1 dithiocarbamate groups. The rate of metal 
uptake in the gels varied greatly depending on the metal ion studied, though even 
the most inert metal ion, Cr3+, was 90% extracted in 40 minutes with gel (4). The 
effect of varying the pH on the amount of metal extracted was investigated to find 
the conditions necessary for quantitative removal of a particular metal ion from solu­
tion using a particular gel. The percentage extraction of Cu2+ using the range of 
modified gels is shown in figure 5.14. The investigations showed that the properties 
of the gels were more than adequate for their use as preconcentration aids in X-ray 
fluorescence analysis. Similar conclusions were determined from a study of 8-hy- 
droxyquinoline immobilised silica gel.271 This material is stable down to pH 0,321 
and is inert to a number of solvents.
OH
Its use is limited to trace or low levels of metal concentrations due to the small 
capacity of the material, which is a common feature of these gels. However, one 
major advantage with these modified gels is that they can easily be recycled, by 
leaching out the metals with dilute acid, with no effect on their performance; which 
is much more convenient than the careful washing procedures required in the most 
common chelating resin for removal of trace heavy metals from seawater, Che-
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Fig. 5.14 Extraction of Cu2+ onto various functionalised silica gels.268
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Precise characterisation of the bonding modes and structures involved in the 
amine modification of silica gel surfaces is by no means simple, as the chemistry of 
immobilised ligands and metal complexes will not necessarily be that of the analo­
gous moieties in solution. A variety of analytical techniques have been applied to 
the problem and comparisons with the data of model compounds in solution can 
prove invaluable. Understandably most systematic studies of the bonding on sily- 
lated silica surfaces have focussed on simple silanes reacting with silica gel. Solid- 
state »Si and 13C CP/MAS nmr spectroscopy has proved invaluable in this area, 
though electronic absorption, electron spin resonance, photoacoustic and infra-red 
spectroscopy have all been applied. One very useful tool is simple elemental analy­
sis, from which data concerning surface concentrations of species can be calculated.
In principle, an organotrialkyl- or trichloro-silane can react with a silica gel 
surface to form three types of bonding.
t y p e - c
Type-A bonds involve condensation to form only one silanol-to-silane bond. 
Type-B involves two silanol groups bonding with one organosilane molecule and 
type-C corresponds to three silanol groups per organosilane molecule. Sudholter et 
al323 found that »Si CP/MAS nmr could distinguish between the three bonding
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modes. For 3-chloropropyl modified silica gel, 3 peaks were found in the spectrum, 
which were assigned to the three different types of bonding, while in the spectrum of 
3-aminopropyl modified silica only two peaks were observed, which was attributed to 
an absence of type-A bonding (figure 5.15). The 13C CP/MAS nmr spectra of the 
same samples were found to be highly dependent on the solvent that was used to 
wash them, with interferences from absorbed methanol which must be bound to the 
modified silica and be immobilised enough to be detected by the cross polarization 
techniques. Type-B bonds were considered to be the most common in these sys­
tems.
13C spin-lattice relaxation data gathered by Shinoda and Saito324 suggested 
that hydrogen-bonding was important in the structures of silica gels modified with 
-Si(CH2)3NH2 and - S ifC H ^N H iC H ^N H ^ The spectral resolution was depen­
dent on the solvent used to suspend the samples, with more polar solvents producing 
better resolution. By studying the effect of protonation on the relaxation times of 
the amine-modified silicas Shinoda and Sait6 deduced that the internal motion of 
the surface bonded amino groups is more restricted in the unprotonated state, sug­
gesting hydrogen-bonding between the amino groups. Evidence for the former type 
of hydrogen-bonding exists in infra-red studies,325 and for the latter, site-site interac­
tion has been observed between amino and picramid groups on a silica surface.326
Explaining silane-to-silica surface bonding in terms of three bonding modes 
(Types A, B and C) is probably quite a naive oversimplification as additional chemi­
cal processes could easily lead to a variety of structures. For unreacted Cl’s or OR’s 
on the silane, hydrolysis by the solvent could introduce new atoms or moieties into 
the bonding, and the condensation of silanes to form "polymers" cannot be disre­
garded. Certainly any realistic model of the bonding at silica surfaces must take into 
account a certain amount of surface water as it has already been shown (see 5.1.1) 
that small amounts of water remain even after extensive heat treatment. A number 
of possible bonding structures is shown below for RSiCl3 reacted with a silica sur­
face.
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Fig. 5.15 CP / MAS ^ Si nmr spectra of modified silica gels,323
top “  3-chloropropyl silica, bottom — 3-aminopropyl silica.
Taking into account many of these possible interactions Maciel and Sindorf327 
carried out a detailed study of the reactions of silica surfaces with polyfunctional 
chloromethyl silanes and ethoxymethyl silanes, using solid-state nmr techniques. 
They found that the presence of molecular water was actually instrumental in deter­
mining the course and extent of silylation. The chemistry of the chlorosilane and 
ethoxysilane reactions was shown to be very similar, with single silanol-to-silane 
bonds characterising the silane environments in materials prepared from near- 
anhydrous gels. The authors offered substantial evidence that for materials pre­
pared with absorbed surface water present silane species with two or more siloxane 
bonds were formed, and that these species were not as in structure IV, but were 
formed from the pairwise cross-linking of mono-silanol structures, as in structure III. 
Simply by exposing anhydrous modified-gels to the air caused direct hydrolysis of 
unreacted Cl groups and silane-to-silane condensation reactions, though the ethoxy- 
silanes required more water and heating to produce these reactions. An example of 
this behaviour is shown in the ^Si CP/MAS nmr spectra in figure 5.16 for the reac­
tion products of dimethyldichlorosilane and silica gel. More highly functionalised 
silanes will produce higher degrees of "horizontal" polymerisation.
Since reaction conditions, stoichiometiy, and reagent type (both silane and sil­
ica gel) can all affect the bonding in these modified silica surfaces it is impossible to 
produce a general model of the bonding modes for these systems. Thus, other
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Fig. 5.16 CP / MAS »Si nmr spectra of silica gel reacted with Si(CH3)2Cl2-327
studies may well come to different conclusions unless all conditions are copied 
exactly. However, Leyden et al328 also found evidence for "horizontal polymerisa­
tion" on the surface of silane-modified silica gel, using silica gel with less than half 
the surface area of that used by Maciel and Sindorf. Leyden et al probed the surface 
bonding using salicylaldehyde. They formed the Schiffs base species by reaction 
with (aminopropyl)silane immobilised on silica gel and then studied the uptake of 
Cu2+ ions. They observed that oven curing of their amine-modified gels increased 
the stability of their products, and suggested that this was due to some of the silane 
being simply hydrogen-bonded to the surface on reaction, the curing forming addi­
tional covalent bonds between these species and the silanol groups.
The structures of more complicated amine-modified silica gels have also been 
reported. De Haan et al329 studied the bonding of 3-aminopropyltriethoxysilane 
and 3-methacryloxypropyltrimethoxysilane (MPS) with silica gel. Again using ^ i  
and 13C CP/MAS nmr, this time in conjunction with data from F.T. I.R. spectro­
scopy.
O
II
(MPS) CH3C>Si(<X:H3)2-CH2CH2CH20-C-C(CH3) = CH2
They proposed bonding modes and solvation processes very similar to those 
previously described. They suggested that a strong preference for reactions between 
silanes over those between silanes and the surface existed, thus accounting for the 
horizontal polymers described earlier. With MPS a lower surface coverage was 
observed compared to the simpler amine, probably due to more folding of the longer 
organic chains and interaction between the keto groups and the silanol groups on the 
silica surface. The surface bonding for the larger silane involved mono-and bi- 
dentate silanol bonds, whereas for the simpler amine tridentate bonds and cross- 
linking was evident, these higher modes of bonding being favoured by higher tem­
peratures.
A  variety of analytical techniques were used in the characterisation of a silica
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immobilised acetoacetamide,330 made from the reaction of diketene with aminopro-
The amide NH and CO groups are strongly hydrogen-bonded and are in the 
normal tram - configuration. At the surface the ligand is mainly in the keto form, 
and this has been shown to complex with several metal ions under weakly acidic con­
ditions.
The nature of metal complexes of amine-modified silica gels has also been stu­
died. The copper (II) complexes of various Schiff base ligands anchored to silica gel 
were studied by Shields and Boucher.331 They used a combination of I.R., electronic 
absorption and electron paramagnetic resonance spectroscopy along with elemental 
analyses to derive structural information about the complexes they formed. They 
prepared the Schiff base ligands from simple primary amines bound to silica gel. 
They then prepared a range of green Cu(II) complexes using Cu(0 0 CCH3)2.H20 . 
A complex with the predominant form Cu(anchored Schiff base)(CH3CC>2) was 
observed. Two Schiff base ligands bonding to the Cu(II) ions was considered 
unlikely as a low surface density of ligands was deliberately prepared, with an aver­
age distance of 10 A between them.
Electron paramagnetic resonance spectroscopy also featured highly in a recent 
Russian study of copper(II) complexes of modified silica gels.332 The Cu(II) com­
plex of simple propylamino-groups grafted onto the surface of silica gel was found to 
be composed of an N20 2 donor set, with two amino groups and two water molecules 
binding to  the Cu(II) ion in a distorted tetrahedral environment. With dithiocarba- 
mate ligands, prepared from the amino ligands on silica gel, the geometry of the 
Cu(II) complexes depended greatly on the solvent used. In acid solution, with Cu(II) 
thiuram disulphide added, a surface complex containing an S4N donor set was 
observed, while in chloroform square planar Cu(II) dithiocarbamate complexes
pylsilane bound to silica gel.
CH,
{Si}-0-Si-(CH2)3-NH2 { Si }-OSi-(CH2)3NHCOCH2COCH3
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occurred.
13C nmr was used to study the complexes of Pt(II) and Rh(III) with aminated 
silica surfaces.333 Spectra were obtained from both the suspended state (in water) 
using ordinary high resolution nmr and in the dry state using CP/MAS techniques. 
F igure 5.17 shows the 13C nmr of the P t(II) complex of 
NH2CH2CH2NHCH2CH2CH2Si-{Si} suspended in water. The broadened peaks at
46.2 and 55.0 ppm correspond to the co-ordinated species, whereas the sharper 
peaks are due to the unco-ordinated species. No line broadening due to the 
exchange of co-ordinated and unco-ordinated ligands was observed up to 80 °C. A 
square planar Pt(II) complex is proposed.
For Rh(III) an octahedral environment is suggested with the same ligand on 
the basis of diffuse reflectance spectra.
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Fig. 5.17 13C nmr spectrum of a diamine modified silica gel.33-*
The amount of metal ion uptake by a silica surface modified with an imidazo- 
lylpropyl group has been studied.334 A variety of divalent transition metal halides 
were considered using acetone or ethanol as solvent. The metal adsorption was 
shown to fit the Langmuir Isotherm335 using the equation;
C2 I n2‘ -  1 /  n*b + C2/  n* 
where; = metal concentration (mol dm'3) 
n2s = uptake of metal (mol g*1) 
ns = no. of absorption sites per gramme (mol g"1) 
b = constant
(1 denotes solvent, 2 denotes solute)
(b = K/a! where K = equilibrium constant for the process;
•SH CH ^C jH j Nj  + MX„ ^ • S i ( C H 2)3C3HjN2.MXn 
and a! = activity of solvent)
Figure 5.18 illustrates the fit of the data for CuCl2 to this equation. Increasing 
the average number of ligand groups per unit surface did not cause a significant 
increase in the adsorption capacity, probably due to increasing surface density caus­
ing blocking of certain ligands. High values of the constant "b" were used to suggest 
that adsorption occurs with the metal directly co-ordinating with the unsubstituted 
imidazole nitrogen.
5.1.3 Macrocycles Bonded to Silica Gel.
The excellent metal ion selectivity observed for macrocyclic compounds makes 
them ideal candidates for use as selective metal extractors in the form of polymers, 
resins or surface-bonded species, and this has been exploited for a number of years. 
Most attention has focussed on the application of immobilised crown ethers in this 
field and their are a number of reviews on this subject.88’336-337 Generally, the work 
has concerned the polymerisation of functionalised macrocycles and the bonding of 
crown ethers to functionalised polystyrene, with the subsequent analysis of selectivity
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Fig. 5.18 Metal adsorption for a modified silica gel.334
patterns for alkali and alkaline earth metals. Increasingly these cyclic ethers are now 
being surface-bonded on to silica gel due to  the chemical and technical advantages 
this inorganic support offers, particularly in aqueous media. These materials have 
achieved much success, especially in the area of chromatography. Kimura et al338 
have shown that alkali m etal halides can be separated  on 
poly(benzo-15-crown-5)-modified silica gel by elution with water or water/methanol 
mixtures. These stationary phases were prepared with the crown ethers bound to the 
silica gel through amide linkages. The crown ethers form sandwich-type 2:1 crown 
ether unit-to-cation complexes. Cram et al339 prepared a silica-immobilised opti­
cally active crown ether and achieved enantiomeric resolution of amino acid ester 
salts using solid-liquid chromatography.
Bradshaw et al340 has pointed out that if linkage of a macrocycle to silica gel is 
achieved via a donor atom then the selectivity patterns found for that macrocycle in 
solution will almost certainly be affected. Thus, they prepared a series of crown eth­
ers and diaza-crown ethers which were functionalised with an (alkoxy)methyl 
sidearm on the carbon framework,341 which they bonded to silica gel. They showed 
that the values of logK for the association of several metal cations with these materi­
als were very similar to the values found for the analogous free complexes i.e. not 
bound to silica gel. It was suggested that the silica gel bound macrocycles formed 
complexes in the same manner as do the free macrocycles in aqueous media. Thus, 
the prediction of metal selectivity patterns seems possible in silica gel systems where 
the macrocycle is not bonded through a donor atom. This is in contrast to polysty­
rene bound macrocycles, where the hydrophobic nature of the support means that 
the materials are not wetted by water, and so solvation of the macrocycles will not be 
equivalent for bound and free ligands. The stability of Bradshaw’s materials are 
exceptional, with the modifled-gels being used between pH values of -0.5 and 11.0 
for 6 months with no measurable decrease in activity.
The major drawback in Bradshaw’s approach is the difficult task of synthesiz­
ing a macrocycle with a suitable functional group attached via the carbon framework.
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For secondary amine containing macrocycles a simple approach is to react the 
macrocycle directly with a chloro-functionalised silica gel surface;
{Si02}-0H + (MeO)3Si(CH2)3C l ----------- — |  -0-Si-(CH2)3-Cl
HN( macrocycle)
^-0 -Si-(CH2)3-N ( macrocycle)
"End-capping" of unreacted silanol groups is often carried out by reaction with 
Me3SiCl to avoid interferences from these acidic groups with metal uptake exper­
iments.
Lindoy et al342 used this technique to study the selectivity of a 17-membered 
N30 2 macrocycle in aqueous media.
The immobilised macrocycle was found to possess a high degree of selectivity 
for Cu2+ in the presence of Co2+, Ni2+, Zn2+ and Cd2+. A change in complex 
stability order from Cd2+ > Zn2+ to Zn2+ >  Cd2+ was observed, perhaps sub­
stantiating Bradshaw’s claims as in this case the bonding is through a nitrogen donor 
atom, though Lindoy suggests that the change in stability order is due to the steric 
effect of the silica surface influencing the complex geometries. This study was a con­
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tinuation of earlier work carried out on a series of OzN2 and 0 2N3 macrocycles 
immobilised on polystyrene,343 which were found to be unsuitable for metal uptake 
in aqueous media.
5.1.4 Introduction to the Present Study.
The work presented in this chapter involves a study of amine-modified silica 
gels. The attached ligands are dien and its macrocydic analogue [9]aneN3, tren, 
3,2^3-tet and its macrocydic analogue cyclam. This study is designed to extend the 
knowledge already obtained for simple bound open-chain amine ligands such as 
{Si}-(CH2)3NH2 and { S i H C H ^ H i C H ^ H j  (see 5.1.2) by looking at higher 
amines, and to assess the advantages and disadvantages of using a macrocydic poly­
amine.
Macrocycles containing only nitrogen donors have been little used in the modi­
fication of silica surfaces. Tetraphenylporphyrin has been bonded to a silica bound 
3-imidazolylpropyl group and its Fe(II) complex used for oxygen absorption.344 The 
simple nitrogen macrocycle cyclam has not yet been bonded to silica gel. French 
workers have prepared a polymer supported cyclam by the reaction of cyclam with 
chloromethylated polystyrene resin. The material extracted up to 2.0 mmol g*1 of 
Cu2+ from solution, whereas for Ni2+ and Co2+ the capadty was < 0.085 mmol 
g_1. However, total extraction required heating at 80 °C for 2 days, at which temper­
ature the lifetime of the support is very short. Thus, a study of cyclam supported on 
silica gel is reported here, as the hydrophilic nature o f the support should be benefi­
cial in the metal uptake kinetics and the material should be able to be reused many 
times if the bound macrocycle conforms to previous studies.
5.2 Experimental
5.2.1 Materials and Syntheses.
The hydrated tetrafluoroborate salts of Cu2+ , Ni2+ and Co2+ used in the
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metal uptake studies were purchased from Alfa-lnorganics and were used without 
further purification. The open-chain amines used in the preparation of the modified 
silica gels (dien, tren, 3,2,3-tet) were obtained from Aldrich. Purity was checked 
using nmr and was considered to be satisfactory. The macrocycles used (cyclam 
and [9]aneN3) were prepared according to literature methods.200-202 Three grades 
of silica gel were used in the syntheses, with increasing pore size. The smallest pore 
size was obtained using Kieselgel 60 (Merck) with a pore size of 60 A (surface area 
= 500 m2 g-1, pore volume = 0.75 cm3 g*1, mesh = 230-400). 100 A pore size was 
obtained using HPLC sorbent (Sigma, No. H-7631) (surface area = 300 m2 g-1, 
average particle size = 10 ¿im). The largest pore size was achieved by using Davisil 
Grade 643 (Aldrich) with a pore size of 150 A (surface area = 300 m2 g-1, pore vol­
ume = 1.15 cm3 g-1, mesh = 200-425, pH (5% slurry) =  7.0) [all manufacturer’s 
specifications].
A summary of the procedure for preparing the modified silica gels is outlined 
below.
{Si}-OH + (MeO)3SiCH2CH2CH2Cl------------— {Si}-0-Si-(CH2)3-Cl
R = dien, tren, 3,2,3-tet, cyclam, [9]aneN3.
ligand (R) 
{S^-O-SH CH^-R
Two different methods were used to prepare the amine-modified silica gel, 
both using the basic route outlined in Scheme I.
Method 1;
Silica gel (2 g) was stirred in distilled water (20 ml) for two hours. The gel was 
filtered off and suspended in 15 ml xylene containing 1.2 ml (3-chloropro- 
pyl)trimethoxysilane (Aldrich), and stirred at 80 °C under nitrogen for 8 hours. The 
silylated silica gel was then Altered off and washed with acetone, followed by dichlo-
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romethane. The silylated gel was dried in a vacuum desiccator (at this stage some 
workers prefer to protect the unreacted silanol groups by reaction with Me3SiCl, 
however this still does not "end-cap" all of the unreacted silanol groups and so we 
decided not to include this procedure). To attach the amine ligands to the modified 
silica gel a solution of the appropriate ligand (ca. 5 x 10-2 mol) in xylene (50 ml) was 
added to 22  g of the modified silica gel and the mixture placed in an ultrasonic bath 
for 30 min. The mixture was then refluxed at 150 °C for 15 hr under N2 without stir­
ring. The product was isolated by filtration and repeatedly washed with hot metha­
nol to remove any unreacted or physisorbed ligand. The amine-modified gel was 
then dried in a vacuum desiccator. In the case of cyclam and [9]aneN3 the pure 
unreacted ligand could easily be reclaimed by removing some of the methanol from 
the washings on a rotary evaporator, the solid crystallising out. The other amines are 
all liquids and so reclaiming the pure unreacted ligands would be much more diffi­
cult and was not attempted. The products were characterised by elemental analysis 
(obtained commercially from Butterworth Laboratories Ltd.) and solid-state 13C 
CP/MAS nmr spectroscopy (see results section).
Method 2;
Silica gel (4 g) was heated at 320 °C for 5 hours in a stream of dry N2. This was 
then poured directly into 10 ml of (3-chloropropyl)trimethoxysilane and stirred at 80 
°C for 8 hours under dry N2. The solid product was then isolated by filtration and 
dried under vacuum. The functionalised gel (2.6 g) was then placed in a solution of 
0.98 g cyclam in 100 ml xylene and suspended in an ultrasonic bath for 30 mins, fol­
lowed by refluxing the suspension (without stirring) at 150 °C for 15 hrs. The prod­
uct was washed repeatedly with hot methanol and dried in vacuo. This procedure 
was only carried out with cyclam using the 60 A silica gel.
Solid-state 13C CP/MAS nmr spectra were obtained on a Bruker MSL360 F.T. 
nmr spectrometer, using a 7 mm bore zirconia sample holder with a Kel-F stopper. 
The spin rate was ca. 3 .5 kHz. At least 2000 scans were collected for each compound
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using a contact time of 5 ms and a recycle time of 2 s. The *H channel was set up 
with reference to tetramethylsilane. The 13C cross-polarization experiments were 
set up using adamantane.
5.2.2 Metal Uptake Studies.
An aqueous solution of metal tetrafluoroborate (20 ml) of previously deter­
mined concentration (ca. lO'MO' 1 mol dm*3) was added to the amine-modified silica 
gel (150-200 mg) and the mixture shaken overnight in a sealed flask on a platform 
shaker. The solid was removed by filtration and the concentration of the metal ions 
in the filtrate was obtained using a combination of edta titration and atomic absorp­
tion spectroscopy for reproducibility. All experiments were carried out at near neu­
tral pH. At least six different metal concentrations were studied for each modified 
gel and in all cases the initial metal present was never less than the amount required 
to occupy all the sites on the functionalised silica. The uptake of the metal ions was 
determined from the difference in the metal ion concentration before and after 
shaking. This procedure was based on the results from a number of previous metal 
uptake studies.
(a) In order to determine the time required to achieve complete metal ion 
binding Cu(BF4)2 was reacted with cyclam functionalised silica gel in a series of 
experiments. Each experiment was terminated at a different time 3 hrs, 6 hrs, 9 hrs 
etc. There was no increase in metal uptake after 3 hrs, and so shaking overnight was 
more than adequate. For the copper experiments the blue colouration of the prod­
ucts was clearly visible in a matter of minutes, and sometimes quicker. For modified 
gels previously wetted in distilled water the uptake of copper appeared to be visibly 
faster than for the unwetted gels. Thus, the kinetics of metal uptake seem to be con­
trolled by the rate of swelling of the silica gel beads.
(b) To determine the reproducibility of the experimental procedure the level 
of saturation of a gel using Cu2+ was duplicated by using the same batch of cyclam 
modified gel. Reproducibility appeared to be about 8%.
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The metal complexes of the amine-modified silica gels were characterised 
using diffuse reflectance and infra-red spectroscopy. Diffuse reflectance spectra 
were obtained on a Shimadzu UV-365 spectrophotometer fitted with an integrating 
sphere attachment using a packed magnesium oxide powder as standard, samples 
were ground to a powder and then wetted with distilled water (2 drops to 03  g of 
gel) to make them stick to the sample holder. Infra-red spectra were obtained as 
nujol mulls on a Perkin-Elmer 580B spectrometer.
For the determination of metal ion concentrations edta titrations were carried 
out as described earlier (2.2.1). Atomic absorption spectroscopy was carried out on 
a Varian Techtron AA6 atomic absorption spectrometer using an air-acetylene 
flame and taking readings at the following wavelengths, 324.7 nm (Cu2+ ), 240.7 nm 
(Co2+) and 341.5 nm (Ni2+) using edta titrated solutions as standards.
53 Results and Discussion
Sue surface modified silica gels were prepared; 
(Si)-0-Si-(CH2)3-L
where L = 1
2
3
W
4
6
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Gels 1 -5  were prepared by method 1 and gel 6 by method 2, all using silica gel 
of 60 A pore size. The polyamines in gels 1 - 3  can also bond via the secondary 
amines, rather than through the primary amines as shown, and a mixture of these two 
species is likely to exist for these ligands. All other ligands used have only a single 
secondary or primary nitrogen site available for bonding.
The elemental analyses for gels 1 -6  are listed in Table 5.1. Using the nitrogen 
value we can calculate the amount of polyamine present on the gel, since this is the 
only source of nitrogen present in these species. The type of bonding present for the 
spacer groups (see 5.1.2) can also be probed by examining the ratio of %C /  %N and 
comparing it to the theoretical ratio assuming three silanol linkages per silane modi­
fication. These figures are given in Table 5.2.
Table 5.1
Elemental Analyses for gels 1-6.
Gel % C % H % N
1 9.78 2.16 336
2 933 2.20 336
3 11.88 2.45 3.02
4 10.98 2.21 2.99
5 10.91 2.06 1.88
6 15.70 331 433
For gels prepared by method 1 the bulk and rigidity of the ligands may well 
control the amount of ligand bonded to the spacer groups. The largest amount of 
ligand present is found with the smaller dien and [9]aneN3 ligands, with the cyclic 
ligand having a lower value, presumably because of the conformational and configu­
rational constraints present in the cyclic system. The bonding of tren in gel 2 is more 
favourable than for 3,2,3-tet in gel 3. This seems strange as tren would appear to 
present more steric constraints than the flexible 3,23-tet. Localised molecular sur-
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Table 5.2
Comparison of Observed and Calculated C/N ratios.
Gel amount of L / mmol g"1 C/N (measured) C/N (calculated)
1 0.800 2.91 233
2 0.636 2.62 2.25
3 0.540 3.93 2.75
4 0.712 3.67 3.00
5 0336 5.80 3.25
6 0.773 3.63 3.25
face structures on the gels must therefore favour the binding of tren over 3,23-tet. 
Certainly with gel 5, the most constrained ligand, cyclam, has the greatest difficulty 
in binding to the modified gel surfaces, as would be expected. Interestingly, the 
same gel, prepared by method 2, shows a greatly increased level of cyclam binding to 
the modified surfaces, illustrating the effectiveness of the thermal pretreatment used 
in this method for removing interfering water molecules bound to the gel surfaces. 
These water molecules will certainly have a large influence on the binding of poly­
amines, and this effect will be heightened in the cyclic cyclam system, as the level of 
binding for gel 5 displays. Thus, method 2 may well increase the level of binding for 
the other polyamines, but method 1 gives a good degree of ligand binding already, 
and so this was not pursued.
The amount of these ligands bound to the surface of silica gel is less than that 
found for previously prepared gels containing -NH2 and -NH(CH2)2NH2 (2.8 and
2.0 mmol g*1 respectively)333, although this is expected since these are prepared via a 
single reaction using the already aminated silylating reagent. For more complex 
chelating ligands, such as the dithiocarbamates prepared by Leyden and Luttrell268, 
attachment is of the order of 0.54 - 0.58 mmol g'1. For the much studied 8-hydroxy- 
quinoline/silica gel derivative, the ligand is present in quantities of only 0.149 mmol 
g-t 345 Lindoy et al342 produced an attachment of 0.41 mmol g*1 using an N30 2
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macrocycle. Thus, the levels of attachment found for the chelating polyamines stu­
died here seems very good, considering the useful possibilities they may possess in 
terms of selectivity of metal uptake, especially for macrocyclic systems. However, 
the ultimate criterion for the usefulness of these compounds is the accessibility of 
the binding sites to various metals, and this is discussed later.
The C/N ratios are larger in every case than the values calculated assuming 
binding of three silanol groups per silane reagent, for gel 5 the difference is quite 
considerable. Thus, the amount of carbon present may be larger than expected due 
to incomplete hydrolysis of the methoxy groups on the silylating reagent, evidence 
for this is also seen in the solid state nmr spectra shown later. The values also give 
good evidence for cross-polymerisation reactions between silanes prior to reaction at 
the gel surface, as suggested by previous workers, producing bonding modes of the 
type illustrated in section 5.1.2.
Some of the silanol groups may also have reacted with the methanol produced 
during the initial reactions to form surface methoxy-groups. Thus, there is likely to 
be a variety of silane species present on the gel surfaces. The C/N ratios could also 
be produced by a lower N value than expected, and the very high C7N found for gel 5 
is good evidence for the incomplete reaction of the polyamines with the spacer 
groups.
The modified surfaces will thus contain a mixture of chlorinated and ligand 
bearing silane groups, which will be bound to the gel surface in a variety of ways. 
The surface will also contain methoxy-groups and unreacted silanols, which may 
interfere with metal uptake. Studying the true nature of these modified surfaces 
requires sophisticated techniques and has only been attempted with simple silylating 
agents (see 5.1.2).
Previous authors have attempted to analyse the attachment of the silanes quan­
titatively, but they have to assume a mode of bonding (e.g. 1 silanol to 1 silane). 
However, the variety of surface species clearly present on modified silica gels invali­
dates this approach. Leyden et al330 suggested that silica gels possess in the order of
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7.5 /imol n r2 of silanol groups, which for the 60 A gel used in our studies (500 m2 
g '1) corresponds to 3.75 mmol g' 1 of silanols. They also suggested that after modifi­
cation with silanes there is about 3.5 ^mol n r2 of unreacted silanols present. These 
can participate in hydrogen bonding and may affect the subsequent attachment of 
the polyamine ligands in our study. Proton transfer from silanols to amines is 
thought responsible for the "tailing" that is observed when amines are separated by 
chromatography.346 Sindorf and Maciel293 reported that the silanols were present 
in the order of 5 silanol groups per nm2. Thus, combining this figure with the known 
amount of ligand present on each gel and with the surface area of the gel we can cal­
culate the number of silanol groups per ligand (Table 53).
Table 53
Calculated Surface Density and Silanol
Gel no. molecules of ligand nm*2
1 0.964
2 0.766
3 0.650
4 0.860
5 0.404
6 0.93
For a straightforward bonding mode of the type;
(C H ^L
we would expect three silanol groups per ligand, but the values in Table 53 
indicate that this is not the case, which is again evidence for incomplete reaction of 
the ligands with the chloro-silane modified gel surface. The density of the ligands is 
quite low, but models indicate that the ligands are still sufficiently close to interact 
with one another e.g. in terms of hydrogen-bonding and metal ion binding, even for
Coverage.
no. silanols / ligand
5.17
6.53
7.69
5.81
1238
538
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the smallest ligand on gel 1. The question of proximity of ligands is an important 
one. For heterogeneous catalysis applications of these systems it would be advanta­
geous to prepare a surface where the ligands are very far apart, avoiding interactions, 
since many catalysts are deactivated by dimérisation. For preconcentration and trace 
metal uptake it may be more preferable to attach as many ligands as possible to the 
gel surface, with a high density, so that the amount of metal ion taken up may be 
increased, thus increasing efficiency.
Similar calculations for determining the density etc. of the spacer groups is 
only possible if the relative proportions of each type of bonding mode is known.
Characterisation of surface modified materials is notoriously complex and dif­
ficult due to the diversity of surface species. A number of techniques can be usefully 
used however. The 13C CP/MAS spectra for some of the gels are shown in Figure 
5.19. Full assignment of all the peaks is impossible without some very sophisticated 
nmr experiments. All four spectra show peaks for the three carbons of the spacer 
group, with S /ppm =  10.5 -12.1 (Cj), 22.1 - 25.6 (C2) and 45.1 - 48.4 (C3) (numbers 
designated from the silicon atom). The carbon atoms of the polyamine ligands pro­
duce large peaks, some showing minor structure. One notable feature is that the 
ligand peak for gel 6 is very much sharper than in the other spectra, suggesting that 
the cyclam exists in far fewer environments than for the other ligands and the large 
height, relative to the minor peaks, illustrates the large quantity of ligand which was 
attached using method 2. Certainly for the gels 1 and 3 the ligands could bind via 
two different nitrogen atoms, each arrangement producing new chemical environ­
ments for the carbon framework and causing a broadening of the peaks. Another 
common peak is observed at £ «  51.4 - 52.1 ppm and can be assigned to the pres­
ence of -OCH3 groups on the gel surfaces, either from unhydrolysed silanes or from 
methanol reacting with unreacted silanol groups. A sharp singlet exists, at S ** 27.8 
-30.2 ppm, in each spectrum, but cannot be assigned to any of the carbon atoms com­
mon to all the gels.
Thus, although ° C  CP/MAS nmr spectroscopy has been used successfully to
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Fig. 5.19 13C CP / MAS nmr spectra of modified silica gels.
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analyse simple surface structures (see 5.1.2), much more sophisticated techniques 
are required for the more complex structures observed in these polyamine modified 
gels. Natural abundance UN CP/MAS nmr spectroscopy may be of some use in 
these systems, particularly in determining relative amounts of structures when more 
than one is possible. 14N CP/MAS would be useless in this respect since 14N has 
spin 1 and so all resonances would be broadened out into the noise level under 
CP/MAS conditions.
Attempts were made to measure the I.R. spectra of the gels, but the peaks 
were very broad. More sensitive techniques, such as F.T.-I.R. would be useful here.
Surface modified silica gels are more often characterised by studying their abil­
ity to complex metal ions. To this effect the uptake of Cu2+, Ni2+ and Co2+ was 
studied for gel 5. Figure 5.20 shows the results obtained. Even though all exper­
iments were carried out using more than enough metal ions to fill all the available 
binding sites "saturation level" for each ion was not reached until the concentration 
of the metal ion was ca. 0.05 mol dm'3, which corresponds to ca. 15 times more metal 
than binding sites under the conditions employed. This is presumably due to a build 
up of charge on the surface of the gel as the cations are complexed and thus a large 
excess of metal is required to "saturate" the binding sites. The maximum level of 
loading is different for each metal, with each level less than the total amount pos­
sible assuming 1:1 binding of ligand to metal (Table 5.4).
This is presumably due to a combination of the stability of the complex formed 
(the levels follow the order of the Irving-Williams stability sequence) and the differ­
ent stereochemistries adopted by the metal ions. The steric effect of the polymeric 
gel matrix will also have a large effect, perhaps hindering certain ligand conforma­
tional changes, thus reducing the ability of certain metals to bind. It may also limit 
access of the metal ions to particular binding sites. Similarly the initial binding of a 
metal ion may block access to other, deeper binding sites. Very similar results were 
obtained by Lindoy et al342 in their studies of a silica immobilized N3O2 macrocycle 
(Table 5.4).
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Table 5.4
Metal Uptake Data for Gel 5
Metal max. uptake / mmol g' 1 % of sites filled
Cu2+ 0.24 72
Ni2+ 0.077 23
Co2+ 0.066 20
cf. ref. 363
Cu2+ 0.29 71
Ni2+ 0.11 27
Co2+ 0.090 22
These authors also observed a change in binding order for Zn2 + and Cd2 + when 
compared with the free ligand complexes. Thus, it is clear that the solid support has 
an important effect on the metal binding ability of supported ligands. This factor 
will certainly be exploited in the future though the preparation of a desired reagent 
may be difficult to control until the exact nature of the effect of the surfaces is 
known. Thus, the blocking properties of the surfaces could be used in conjunction 
with macrocycles, some of which already possess metal ion selectivity, to produce 
highly selective reagents for particular metals. Indeed, when gel 5 was shaken with 
an equimolar mixture of Cu2+, Ni2+ and Co2+ no uptake of Ni2+ or Co2+ was 
detectable, only Cu2+. This also suggests that Cu2+ ions take up the same binding 
sites as Ni2+ and Co2+ or at least restrict access of these ions to other sites. The 
control of complexation sites on surface supported materials is clearly an important 
problem to solve as the applications in terms of trace metal uptake, heterogeneous 
catalysis, chromatography etc. should prove extremely fruitful.
The effect of changing the pore size of the gel used to prepare the silica sup­
ported cyclam using method 1 was studied using gels of pore size 60,100 and 150 A. 
Surprisingly little change was observed on the saturation level for Cu2+ for the three 
gels with the maximum uptake for the 100 and ISO A gels both being 0.26 mmol g'1.
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The reusability of the Cu2+ complexed cyclam gel 5 was tested by leaching the 
Cu2+ out using very strong acid over a number of days at 50 °C. The gel was 
slightly discoloured after this procedure but repeating the Cu2+ uptake experiment 
showed that the level of maximum Cu2+ uptake was identical to before. The main 
problem in the rejuvenation of supported macrocyclic ligands is that the very high 
stability constants of the complexes (free Cu(cyclam)2+ has logK = 212 in H20  at 
25 °C - see chapter 1) means that severe conditions are required for leaching out of 
the metal ions to allow reuse of the gels; if this is required, as it would be in heavy 
metal uptake for waste water treatment. For heterogeneous catalysis the high com­
plex stabilities would prove very advantageous as they would minimise "bleeding" of 
the metal ions into the reaction medium. Thus, if reusable reagents are required 
then less stable species may be more usefully studied.
The maximum level of Cu2+ uptake was measured for all the gels prepared 
(Table 5 3).
Table 5J
Maximum Uptake of Cu2 + in gels 1 -6
Gel max. Cu2+ uptake % filling of log K of "free"
/  mmol g' 1 available sites complexes
1 034 42.5 15.8 (l78)
2 0.256 40 18.8 (»“ )
3 0.326 60 21.8 (™ )
4 0.551 77 162 <178)
5 034 72 272 (178)
6 0.66 85 272 (17s)
The percentage of the available binding sites taken up by the Cu2+ ions did 
not follow the order of the stabilities of the "free" 1:1 complexes, except that the 
most stable complex has the biggest uptake of metal at saturation. The low values
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for the percentage uptake of Cu2+ in gels 1 and 2 may indicate that each ion is 
bound to more than one ligand, which is certainly conceivable for the dien ligand of 
gel 1. These results again indicate the important effect that the gel surface has on 
the metal complexations.
Table 5.6 shows the Cu2+ capacity of various other silica gel immobilized 
ligands.
The Cu2+ capacities of the polyamine gels 1 -6  compare well with previously 
prepared silica immobilized ligands. Gel 6 in particular shows a large Cu2+ capac­
ity compared with other complex chelating ligands and in view of the known selecti­
vity patterns of many macrocyclic ligands such supported macrocycles prepared by 
method 2 may display useful selective metal uptake properties, though these will 
undoubtedly be affected by the gel surface and the bonding of the ligands through a 
donor atom. Therefore, selectivity patterns observed in the "free" complexes may be 
altered in the "bound" complexes. This warrants further investigation.
Table 5.6
Cu2+ capacity of various surface modified silica gels, {Si}-Si-R
pH 5 - 7, pore size of gel may vary slightly 
R = max. Cu2+ uptake/mmol g' 1 ref.
-(CH2)3NH2 0.56 347
-Si(Me)-(CH2)3NH2 0.79 347
-(CH2)3NH(CH2)2NH2 0.82 347
-(C H ^jN iM eK ^- 0.53 268
-(C H ^C C ^-K C H ^N H iC S j) 0.97 268
-(CH2)3NH(CH2)2NHCOCH2CCXrH3 0.52 330
-(CH2)3NHCOCH2COCH3 0.43 330
- C ^ - N  -  N-HOQ 0.226 348
-(C H ^N H -C O -Q H ^N  -  N-HOQ-N2C(NH2) -  S
0.225 349
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The metal uptake data can be shown to fit to the Langmuir isotherm. A plot of 
[M2 + Jeq/uptake vs. [M2 + ]eq gives a straight line in all cases, except for gel 6 with 
Cu2 + , e.g. figure 5.21, of slope l/(total no. of sites) and intercept 1/K(total no. of 
sites) according to the equation;
0 = K [M2+]cq/K lM2+]eq + 1 = uptake of metal(U) /  total no. of sites(T) 
where K is an equilibrium constant relating to the adsorption process.335 Table
5.7 shows the values of K and T calculated in this way.
Values of T calculated in from the Langmuir isotherm are slightly larger than 
those measured experimentally in every case. There seems to be no trend between 
the values of K and T. This is perhaps not too surprising as for K to have any real 
significance the system under study would have to comply closely with the conditions 
used in defining the Langmuir isotherm. These state that all adsorptions sites are 
equivalent and that occupied sites do not affect binding in neighbouring sites. K for 
this process describes a simple adsorbed solvent/solute equilibrium which is clearly 
inadequate to describe the complicated processes going on the surfaces of the poly­
amine modified gels.
T a b le  5.7
Data calculated from the Langmuir Isotherm Equation.
Gel Metal K ycalc •juieas
dm3 mol-1 mmol g'1 mmol g'1
1 Cu2+ 380.7 ± 48.4 0346 * 0.002 034
2 Cu2* 282.8 ± 36.4 0.266 * 0.003 0.256
3 Cu2+ 142.7 ± 26.4 0340*0.020 0326
4 Cu2+ 173*6.1 0383 * 0.024 03507
5 Cu2* 903 * 15.2 0390*0.010 0.24
5 Ni2+ 307.1 * 31.0 0.080 * 0.001 0.077
5 Co2* 1383 * 18.0 0.073 * 0.002 0.066
6 Cu2+ "Anti-Langmuirian" 0.66
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The Langmuir isotherm also assumes surface homogeneity, which is certainly 
not the case with these systems. Also, the wide range of metal concentrations studied 
moves out of the region of dilute concentrations required for the Langmuir iso­
therm. Thus, although like many systems, e.g. adsorption of polymers, gels 1 - 6 dis­
play experimental isotherms which can be fitted to the Langmuir equation, the sig­
nificance of the data yielded is dubious due to the non-conformity of the "real" sys­
tems to the Langmuir assumptions. Interestingly gel 6 with Cu2+ shows anti- 
Langmuirian characteristics (figure S.22), perhaps indicating that the initial adsorp­
tion of metal ions facilitates the sorption of additional species, suggesting interaction 
between binding sites, which is conceivable considering the proximity of the ligands 
on this gel (see Table 5.3).
The U.V./visible diffuse reflectance spectra of the metal/modified gel com­
plexes were measured. Table 5.8 lists the data observed.
Table 5.8
U.Vyvisible diffuse reflectance data for complexes of gels 1 -6 .
Gel Metal Xmax/ nm (v/cm*1)
1 Cu2+ 628(15920)
2 Cu2+ 658(15200)
3 Cu2 + 590(16950)
4 Cu2 + 652(15340)
5 Cu2+ 530(18670)
5 Ni2+ 458 (21830), 650, 665,695 (sh)
5 Co2* 460 (21740), 605,655 (sh)
6 Cu2+ 530(18670)
All the peaks observed were very broad, suggesting that many different but 
similar environments are present. This may be due to a range of co-ordinating ions 
being present, apart from the amine ligands, such as H2O, OH*, Cl' (from the synthe-
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sis) or co-ordinating BF4 *, as well as a range of possible conformations of the vari­
ous amine ligands, e.g. fac and mer in gel 1. All the environments of the metal com­
plexes studied are consistent with octahedral geometry, except for gel 2. The spec­
trum for gel 1 suggests that two dien ligands are co-ordinated to each Cu2+ 
metal,350 which is certainly possible considering the proximity of the ligands (see 
Table 5.3), and also explains the low figure for the percentage filling of the available 
binding sites (Table 5.5). Since two ligands are co-ordinated to one metal ion then 
85 % of the available sites are actually occupied at saturation, showing that the sites 
are much more accessible than in the other gels prepared by method 1. Gel 2 also 
show a low figure for the percentage filling of the available binding sites. The 
reflectance spectrum of the Cu2 + complex is consistent with the trigonal bipyrami- 
dal environment displayed by complexes of the free ligand. However, there is a 
close similarity between the observed data and the data for an (N3N)(N’) chromoph- 
ore,351 suggesting that the fifth, axial co-ordination site is taken up by a nitrogen 
from an adjacent tren ligand on the modified gel surface. Thus, two ligands are 
again co-ordinated to one Cu2+ ion, but this time one of the ligands is not com­
pletely bound to the same Cu2+ ion and may co-ordinate in a similar way to two or 
three different Cu2+ ions, each already fully co-ordinated to a tren ligand. Thus, 
the percentage filling of available sites in Table 5.5 is incorrect as co-ordination is 
likely to involve a complicated mixture of co-ordination environments, with some 
tren ligands co-ordinating to different Cu2+ ions via single nitrogen atoms.
The gel 3 complex with Cu2+ displays a reflectance spectrum consistent with 
all four nitrogens from one ligand being bound to one Cu2+ ion, which is in an octa­
hedral environment. There is no evidence here to suggest interactions between dif­
ferent co-ordination sites, as found for gels 1 and 2, which is in keeping with the low 
ligand density suggested in Table 53. Octahedral 3,23-tet complexes possess three 
different isomers, which may explain the broadness of the peak in the reflectance 
spectrum.
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For gel 4 with Cu2+ the N3 macrocyclic ligands can only co-ordinate facially to 
the metal ion. The reflectance spectrum of this complex suggests that only three 
nitrogen atoms are bonded per Cu2+ ion, so that only one ligand is bound to a single 
Cu2+ ion, unlike the open-chain analogue in gel 1. This illustrates the inherent 
steric restraints involved in cyclic systems, making co-ordination of one Cu2+ ion to 
two ligands very difficult, despite the reasonably high density of ligands (Table 5.3). 
Over 3/4 of the sites are occupied by Cu2+ in this gel, which is consistent with the 
fairly easy formation of 1:1 complexes compared to 1:2 (metakligand).
The reflectance spectrum of the Cu2 + complex of gel 5 suggests an N4 chro- 
mophore with a strong ligand field complexing with octahedral Cu2+. This sug­
gests that cydam is co-ordinating in the "normal" planar N4 arrangement, found in 
the "free" complex. The same characteristics are displayed by the Cu2+ complex of 
gel 6, which suggests that no interaction is occurring between the co-ordination sites, 
which is strange in view of the proximity of the ligands and the anti-Langmuirian 
metal uptake data. Thus, although site-site interaction probably aids the uptake of 
Cu2+ ions, the final, stable complexes may not interact much, suggesting a complex 
series of processes involved in the complexation reaction.
The Ni2+ complex of gel 5 displays a reflectance spectrum consistent with the 
"free" complex except that the peaks are considerably broadened in the solid state. 
Thus, as in solution (see chapter 2), the complex is a mixture of square planar and 
octahedral Ni2+ species, with a planar cyclam co-ordinating. Heating the sample of 
Ni2+/gel caused a decrease in the absorption of the peaks corresponding to the octa­
hedral sites and an increase in the peaks corresponding to the square planar environ­
ment, and a yellowing of the material, which is in keeping with the behaviour of the 
"free" complex, where heating causes loss of the axial monodentate ligands.
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The Co2 + complex of gel 5 displayed an octahedral environment in the reflec­
tance spectrum, and suggested a typical planar co-ordinating cyclam. The "free” 
Co(cyclam)2+ complex is very oxygen sensitive (see chapter 2), however, the lack of 
clarity in the very broad peaks of the reflectance spectrum makes it difficult to 
decide if the immobilized species is also reacting with oxygen; further work is 
required to determine this. Certainly if the co-ordination sites were fixed a suffi­
cient distance from each other on the gel surface then the formation of /i-peroxo- 
bridged dimers would be impossible, though the formation of superoxo adducts may 
still occur.
The surface of the support material can affect the subsequent chemistry car­
ried out on it using immobilized species. The nature of the spacer group will also 
have an effect, in terms of length and rigidity. Thus, the control of these factors will 
be of major importance in the surface immobilization of molecules. The choice of 
support and the conditions of preparation can be used to produce surface modified 
reagents containing "dilute" or "concentrated" surface species which have important 
consequences on their chemical behaviour. The use of macrocyclic ligands to 
modify inorganic oxide surfaces will undoubtedly become important in the future 
considering the high degrees of stability and selectivity inherent in these ligands. 
These subjects deserve further study as the reagents formed have a wide range of 
applications. Environment friendly materials could be prepared for the extraction of 
toxic metals from waste water, and by using macrocycles some degree of metal selec­
tivity may be achieved which would be of great importance in situations where some 
metals need to be extracted but others left behind. Similarly the recovery of expen­
sive trace metals used in industry may prove far easier using these kinds of supported 
chelating ligands. One advantage here being the ease of extraction of the metals 
from the recovery materials. An important application will be in the field of heter­
ogeneous catalysis, where using "dilute" surface species will avoid reduction in cata­
lytic activity from dimerisation. Many other applications are already being investi­
gated, such as metal ion chromatography,338 preconcentration of trace metals to aid
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sample preparation in X-ray fluorescence spectrometry,268 and organic synthesis of 
oligonucleotides.352 Thus, there is alot of work remaining to be carried out on these 
systems, which should prove of great practical value in the future.
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Appendix 1 Rate D ata for Chapter 2
A ll av. values are the average of 3 -14 readings, a = standard deviation, 
kobsi = observed rate constant for step 1, k j ^  = observed rate constant for 
step 2.
Data for 23.1.
T  =  25.0 ± 0.1 °C 
[Ni2+]/m ol dm"3 
9.3603 x 10-3 
1.3126x10-2 
1.5748 x IO"2
T / K
293.2 ± 0.1
298.2 ± 0.1
303.4 ±0.1
308.6 ± 0.1
313.2 ±0.2
Data for 2 J2 .
T  =  25.0 ± 0.1 °C 
[Ni2+]/m ol dm-3 
9.3603 x 10-3 
13126x10-2 
1.5748x10-2
a v .k o ^ ^ o /s - 1
15.1867 ± 0.0793 
21.2775 ± 0.0823 
25.5200 ± 0.3436
23.0333 ± 0.8643 
32.5488 ± 1.2580 
44.3700 ± 1.0401
a v . k o b ^ o / s -1
16.2860 ± 0.4082 
22.8763 ± 1.6781 
27.4400 ± 13395
a v  k o b s i *  °  / s ' 1 
03176 ± 0.0735 
0.5539 ± 0.0403 
0.5221 ± 0.0075
av- * o /  s*1 
0.5029 ± 0.0193 
0.4847 ±0.0706 
0.4837 ± 0.0997
Temperature Dependence of Step 1:
[Ni2+] «  9.3603 x 10-3 mol dm 3
av. kobs! ± o /  s’1 
11.7317 ± 0.4010 
15.6400 ± 0.4882
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Temperature Dependence of Step 1: 
[Ni2 + ] = 9.3603 X 10-3 mol dm 3
T / K av- k o b s i ^ / s '1
293.6 *  0.2 12.2317 ± 0.9505
298.2 ± 0.1 16.2860 ± 0.4082
303.2 ±  0.1 203160 ± 0.7887
3 0 8 3  *  0.1 25.8325 ± 0.6758
313.4 ±  0.1 34.8050 ± 13967
D ata for 2 3 3 .
T =  25 .0±  0.1 °C
[Cu2 + ] /  mol dm-3 av- W * * / * ' 1 a v k obs2± <’ / s' 1
4.6119 X 10"3 24.7283 ± 1.9972 0.0618 ± 0.0035
9.1212 X 10-3 48.6500 ± 0.4228 0.0636 *  0.0008
1.3328 X 10-2 73.1150 ± 2.6841 0.0637 *  0.0012
Temperature Dependence of Steps 1 and 2: 
[Cu2 +  ] =  4.6119 X 10-3 mol dm'3
T /K av- k o b s ^ o / s ’1 av- kobtì* °  / s-1
293.4 ±  0.1 18.5175 ± 13891 4.198» 10-2 »  4.736x10-3
298.2 *  0.1 24.7283 ± 1.9972 6.177xl0-2 ± 3.494xlO-3
304.0 *  0.1 35.8240 ± 2.2289 8.857 X 10-2 *  6.089 X IO"3
309.2 *  0.1 50.7200 ± 2.6369 1.356 x l0 - ‘ ± 1.122 xlO-2
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Data Tor 2.3.4.
T = 25.0 *  0.2 °C
[Cu2+J /m o ld in '3 av- kobsi^o /s’1 av- ° /s* :
3.9345 x lO-3 26.1683* 1.2307 03817 * 0.0121
8.5421 x 10-3 57.0967* 1.0541 0.3994 * 0.0409
1.2246 x 10"2 82.4450 * 4.1595 03902 * 0.0294
Temperature Dependence of Step 1: 
[Cu2+] -  3.9345 x 10-3 mol dm 3
T / K av- kobsi*®/*'1
294.5 * 0.1 20.6067 * 1.7765
298.2 * 0.2 26.1683 * 1.2307
303.8* 0.1 35.7317 * 2.0496
308.8 * 0.2 49.1643 * 3.7022
Data for 2.3.5.
T  = 25.0 * 0.2 °C
[Co2+]/m o l dm'3 av. kobsl ± °  /  s*1
2.1446 x 10-3 63.2833 * 1.5864
4.5286 x 1C3 133.4660 * 2.2499
6.7282 x IQ'3 197.7825 * 9.4221
Temperature Dependence of Step 1:
[Co2 + ] -  2.1446 x 10-3 mol dm*3 
T /  K av. Icq^ !  * a /  s*1
294.1 ±0.1 51.7600* 1.2813
298.2 ± 0.2 63.2833 * 1.5864
304.0 * 0.1 83.2900* 1.4423
308.9 * 0.1 108.4425 * 8.4763
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Data for 23.6.
T = 25.0 ± 0.1 °C
[Co2+] /  mol dm-3 a v - k o b t l**/**1
2.1446 X 10-3 65.8750 ± 1.5230
4.5286 X IO*3 140.8800 ± 1.8929
6.7282 X IO*3 205.7383 ± 9.5301
Temperature Dependence of Step 1:
[Co2*] = 2.1446 X 10-3 mol dm'3
T /K a v - kob.!*0/*'1
294.0 * 0.1 51.8960 ± 1.9543
298.2 ± 0.1 65.8750 * 1.5230
304.2 ± 0.1 91.2540 ± 2.0533
308.1 ± 0.2 113.4640 ± 4.4098
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Appendix 2 Rate Data for Chapter 3
Data for 3-3.1.
T  = 24.8 ± 0.2 °C
[Ni2+] /  mol dm’3 a v .  k o b s i ^ o / s * 1 av. k obs2 *  «  /  S '1
4.7664 x 10-3 0.7867 ± 0.0206 4.0016 x 10"2 * 1.0796 x 10-3
9.4493 x 10-3 1.5633 ± 0.0741 5.0101 x 10-2 * 8.1650 x 10*3
1.4584 xlO"2 23733 ± 0.0946 53333 x 10*2 * 4.7140 x 10"3
Temperature Dependence of Step 1: 
[Ni2+] =  4.7664 x 10'3 mol dm'3
T /K av^obsi4 0 /»*1
294.3 *0.1 0.6140 ± 0.0314
298.0 ± 0.2 0.7867 ± 0.0206
303.0 ± 0.1 1.0933 ± 0.0624
309.0 ± 0.1 1.6701 ± 0.0374
Data for 3 3 3 .
T = 24.8 ± 0.1 °C
[Ni2+]/m o l dm-3 av. k o b s iio /s ’1 av. kobs2 * °  ! s' ]
5.2120 x IO"3 0.2222 ± 0.0045 0.0533 ± 0.0021
1.0495 x IO"2 0.4350 ± 0.0101 0.0467 ± 0.0018
1.5707 x IO*2 0.6601 ± 0.0111 0.0602 ± 0.0015
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Temperature Dependence of Step 1: 
(Ni2 + ] =  5.2120 x 10-3 mol dm'3
T /K av. kobsl * °  /  S'1
295.0* 0.1 0.1667 ± 0.0047
298.0 * 0.1 0,2222 ± 0.0045
303.0* 0.1 03333 ± 0.0047
308.0 ± 0.1 0.5633 * 0.0171
313.4* 0.1 0.8767 * 0.1464
Data for 3 33 .
T = 24.9 ± 0.2 °C
[Co2+] /  mol dm-3 av- kobsl * o / S'1 av- kobs2 ± °  /  s‘]
4.7146 x 10-3 4.4633 ± 0.0206 0.0703 * 0.0011
9.5046 x 10-3 8.7333 * 0.0852 0.0733 * 0.0013
1.3591 x 10-2 12.6467 ± 0.0602 0.0733 * 0.0013
Temperature Dependence of Step 1: 
[Co2*] =  4.7146x 10-2 mol dm’3
T /K av k ob*i± 0 /s ‘1
293.1* 0.1 3.3233 ± 0.3219
298.1 * 0.2 4.4633 * 0.0206
303.5 * 0.2 6.0901 * 0.1849
308.0 * 0.2 7.8903 ± 0.2299
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Data for 33 .4 .
T -  24.8* 0.1 °C
[Co2 + ) / mol dm"3 av- kob.1*0 / 8’1 av. k-obtl- °  /  s '1
5.2991 x 10"3 15.2202 ± 0.0909 0.1100 ± 0.0082
1.0188 x 10"2 29.0233 ± 0.2696 0.1133 ± 0.0047
13237 x 10"2 42.6133 ± 03387 0.1067 ± 0.0047
Temperature Dependence of Step 1:
[Co2-1-] = 5.2991 x 10*3 mol dm 3
T /K  av. k6bsl ± o / s*1
293.8 ± 0.1 11.2400 * 0.0735
298.0 ± 0.1 15.2202 ± 0.0909
303.0 * 0.1 21.1925 ± 1.5416
307.8 ± 0.1 28.0605 ± 0.7636
Data for 3 3 3 .
no data obtained, see 33.5.
Data for 33.6.
T -  25.2 ± 0.2 °C 
[Cu2+]/m o l dm*3 
1.1630 x 10*4 
23861 x lfr4 
3.5221 x 10*4
av. kob»!*0 / 8’1 
48.5970 ± 1.7199 
76.6261 ± 7.8386 
107.6253 ± 8.2791
av. *<**2 ± 0  /  s’1 
13267 ± 0.0135 
13533 ± 0.0101 
13301 ± 0.0118
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Data for 3.3.7.
Temperature Dependence of Step 1: 
Values of k ^ !  at various temperatures.
[Zn2 + ] / mol dm'3
T /K
293.6 ± 0.1
298.0 ± 0.1
305.0 ±0.1
308.0 ± 0.1
Step 2:
[Zn2+]/m ol dm'3
4.2522 x 10-4 
8.5354 x IO*4 
1.2619 xlO-3
[Zn2+] /  mol dm'3 
T /K
294.0 ± 0.1
298.0 ± 0.1
303.0 ± 0.1
308.6 ± 0.1
313.4 ± 0.1
4.2522 x 10-4
8.1567 ± 0.9832 
10.2567 ± 0.2894 
14.1517 ± 0.6664 
163525 ± 03548
4.2522 x 10*4
8.5425 ± 0.2496 
103233 ± 0.3058 
13.6802 ± 0.0572 
17.7567 ± 0.0896 
23.0267 ± 0.7519
9.0801 x 10-4
12.2683 ± 0.5801 
16.2475 ± 0.5712 
233325 ± 0.8352 
27.5367 ± 0.8416
8.5352 x 10-4
12.6200 ± 0.6036 
15.7520 ± 0.5683 
21.5261 ± 0.5355 
28.8020 ± 1.0775 
38.7433 ± 0.1489
1.2629 x 10-3
15.3600 ± 0.4462 
203250 ± 0.7694 
30.4280 ± 03887 
35.9780 ± 0.9318
136189 x 10"3
163340 ± 0.2651 
20.7633 ± 0.6074 
28.9475 ± 0.7566 
39.4701 ± 0.6732 
53.5751 ± 0.8191
av- kobs2± a /s '1 
0.7604 ± 0.0495 
0.7902 ± 0.0245 
0.7533 ± 0.0171
Data for 33.8.
Temperature Dependence of Step 1:
Values of at various temperatures.
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T = 24.8 ± 0.1 °C 
[Zn2+]/m ol dm 3
4.2522 x 10-4 
8.5352 x 10"4 
1.2619 x lfr3
Step 2:
av. kob»2 ± a  ! s '1 
0.1967 ± 0.0125 
0.2067 ± 0.0125 
0.1833 ± 0.0125
Temperature Dependence of Step 2:
T / K av. * o /  s’1
294.0 ± 0.1
298.0 ±0.1
303.0 ±0.1 
308.6 ± 0.1
0.0925 ± 0.0025 
0.1967 ± 0.0170 
0.4431 ± 0.0276 
1.1789 ± 0.0595
Data for 33.9.
no data obtained, see 3.3.9.
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Appendix 3 Rate D ata Tor C hapter 4
Data for 43.1.
T  -  25.0* 0.1 °C
[Ni2 + ]/m ol dm'3 av- W
4.8253 x 10-3 2.1075*
9.6809 x IO"3 43575 *
13569 x IO-2 5.9540*
* O / S'1 av. kobs2 ± °  /  s‘]
0.0981 0.0357 * 0.0015
0.1096 0.0377 * 0.0019
0.2778 0.0329 * 0.0021
Temperature Dependence of Step 1:
[Ni2+1 = 4.8253 x IO'3 mol dm'3
T /K av- kobsl
2933 ± 0.1 1.1720*
298.2 ± 0.1 2.1075 *
303.7 * 0.1 3.8183 *
308.7 * 0.1 6.9600*
Data for 433.
T  = 25.0* 0.2°C
[Ni2+]/mol dm'3 av- kobsl
4.6176 xlO-3 2.0867*
9.6809 x 10-3 43701*
13569x10-2 6.0525*
* o / S'1
0.0977
0.0981
0.2696
0.6923
* a /  S'1 av- kobs2 ± °  /  s*]
0.1637 0.0127 * 0.0047
0.4179 0.0132 * 0.0047
0.1445 0.0123 * 0.0047
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Temperature Dependence of Step 1: 
[Ni2+] = 4.6176 X IO"3 mol dm'3
a v - k o b s i40/*'1 
1.0533 * 0.0386
T /K
2922 ±0.1
298.2 ± 0.2
303.0 ± 0.1
308.4 ± 0.1
Data for 4 J J .
T -  25.0 ± 0.1 °C 
[Ni2+]/m ol dm '3 
4.4157 X 10"3 
9.1635 X 10*3 
1.3255 X IO-2
2.0867 ± 0.1637 
33680 ± 0.1588 
5.9451 ± 02471
a v - k o b s l  *  o  /  S"1
8.1617 ± 0.7031 
16.9538 ± 0.6640 
24.4863 ± 1.9272
Temperature Dependence of Step 1: 
[Ni2 + ] = 4.4157 X 10-3 mol dm'3
T /K
293.2 ± 0.1 
2982 ±0.1 
3033 ± 0.1
308.2 ± 0.1
Data for 43.4.
T -  25.0 ± 0.1 °C 
[Co2-*-] /mol dm '3 
4.7335 X 10-3 
1.0116xl0-2 
13550 X IO-2
av- kobsi * o / s '1 
4.4900 ±03315 
8.1617 ± 0.7031 
14.9173 ± 1200 
27.1017 ± 13224
av. kob.i‘ o /s '1  
93510 ±0.0302 
20.0102 ±0.4253 
29.4867 ± 0.6512
av. k obs2  *  o  /  S '1 
0.0134 ± 0.0005 
0.0136 ± 0.0004 
0.0127 ± 0.0005
a v k o b t í*®/*'1 
0.0467 ± 0.0047 
0.0567 ± 0.0047 
0.0501 ± 0.0082
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Temperature Dependence of Step 1: 
[Co2 +1 = 8.3928 X IO*3 mol dm 3
T /K av. kobsl * °  / S'1
293.8 ± 0.1 11.4922 ± 1.2214
298.2 ± 0.1 15.7833 ± 1.1345
303.4 ±0.1 233003 ± 1.4287
308.1 ± 0.1 31.2475 ± 1.6281
Data for4 3 3 .
T  = 25.0 ± 0.1 °C
[Co2+]/m ol dm’3 a v k ob6i± 0 / s l av. kobs2 * °  /  S'1
4.8222x10-3 8.6667 ± 0.4725 03275 ± 0.0540
9.7072 X IO"3 17.9281 ± 1.6106 03300 ± 0.0163
1.4914 X IO-2 273275 ± 0.9149 03467 ± 0.0047
Temperature Dependence of Steps 1 and 2: 
[Co2* ) = 4.8222 X 10-3 mol dm’3
T /K a v - k ^ ^ o / s ’1 av. kobs2 ± 0  /  S'1
293.8 ± 0.1 5.8567 ± 03363 03167 ± 0.0094
298.2 ±0.1 8.6666 ± 0.4725 03275 ± 0.0540
303.9 ± 0.1 13.6567 ± 03654 03950 ±0.0229
3073 ± 0.2 19.4620 ±0.4511 0.8667 ± 0.0451
Data for 4.4.6.
T -  25.0 ± 0.1 °C
[Co2+]/m ol dm '3 a v - k ^ ^ o / s ’1 a v k o b I f '
4.6071 X 10-3 13840 ±0.1728 0.0202 ± 0.0029
9.7072x10-’ 33367 ±03091 0.0202 ± 0.0017
1.4914 X IO-2 5.1933 ± 0.4251 0.0196 ± 0.0031
-174-
Temperature Dependence of Step 1:
T /K  
2923 ± 0.1
298.2 ± 0.1
303.9 ± 0.1
308.6 ± 0.1
Data for 43.7.
T » 25.0 ± 0.1 °C 
[Cu2+]/m ol dm-3 
43013 xlO"3 
9.0874 xlO"3 
13316 x IO"2
av- kob«l * ® /  s*1 
0.7762 ± 0.1432 
1.5840 ± 0.1728 
3.4082 ± 03855 
53485 ± 0.0621
av. kobsl * °  /  s"1 
703269 * 3.8490 
93.6322 ± 4.4908 
115.1850 ± 1.6358
Data for 433 .
Temperature Dependence of Step 1: 
Values of at various temperatures.
[Cu2+]/m ol dm"3 
T /K
294.0 ±0.1
298.3 ± 0.1 
3033 ±0.1 
3083 ±0.1
Step 2:
[Cu2+]/m ol dm"3 
4.4793 xlO"3
8.8437 xlO"3 
1.2860x10-2
4.4793 x 10"3
47.1520 ± 2.0821 
64.1175 ± 2.8922 
92.4257 ± 113672 
126.5667 ± 7.5489
av- kob*2 ± °
8.8437 xlO"3
593191 ± 1.9702 
82.4101 ± 4.0388 
1193633 ± 43320 
164.6527 ± 6.9683
/S"1
83403 xl0"3 ± 1.1501 xlO"3 
1.1617 x IO"2 ± 4.4900 x 10^ 
93423 xl0"3± 13865 x 10"3
-175-
13860x10-2
72.6067 ± 33798 
100.1040 ± 5.0714 
1463133 ± 3.0461 
206.4560 ± 6.1747
Temperature Dependence of Step 1: 
Values of at various temperatures.
Data for 43.9.
[Cu2+]/m ol dm'3 
T /K
293.1 ±0.1 
2983 ± 0.1
303.7 ±0.1
308.7 ± 0.1
Step 2:
[Cu2 + ] / mol dm'3 
4.5013 x lC 3
8.8437 x 10-3
1.2860 x 10-2
4.5013 xlO-3
39.1018 ±2.1981 
47.1802 ±3.1426 
55.0767 ± 03056 
66.1233 ± 1.7291
8.8437 x 10-3
60.4543 ± 2.2732 
73.7521 ± 23164 
89.6920 ± 1.9772 
110.1325 ± 1.9811
av. kobs2 * °  /  S_1 
0.2525 ± 0.0262 
0.2594 ± 0.0088 
0.2648 ± 0.0177
1.2860 x 10-2
80.6640 ± 33509 
99.7301 ± 3.44%
119.7950 ± 1.2680 
148.2302 ± 2.8478
176-
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